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The Effects of Atomic Weapons 

Errata and Revision 

Paragraph 6.61, line 2: Make read “ultraviolet radiation’? instead of 

Paragraph 7.41, line 18 : Make read “3.01 x 101” instead of “2.08 x lo7.” 
Paragraph 7.41, line 19 : Make read “1.44 x 10”” instead of “2.08 x lo9.” 
Paragraphs 11.96 through 11.104 inclusive : Delete present text and 

substitute following: 
Figure 12.77: The intercept of the w-curve with the 100 abscissa 

should be placed at 20 hours instead of approximately 12 hours as 
shown. Thus the slope of the 00-curve is incorrect as shown and 
the curve should be redrawn. 

“thermal radiation.’, 

Revision 
Section F, “GENETIC EFFECTS OF RADIATION” (Pars. 11.96 through 
11.104) has been substantially revised and the following numbered 
paragraphs 11.96 through 11.107 are substituted for the entire section.” 

11.96 Because of the possible importance of the subject for the 
future of the human race, no discussion of radiation injury would be 
complete without consideration of the genetic effects. These effects 
differ from most other changes produced by radiation in that they 
appear to be cumulative and, within limits, independent of the dosage 
rate of the energy of the radiation. 

11.97 The mechanism of heredity is essentially similar in all sex- 
ually reproducing plants and animals including man. The material 
responsible for inheritance is organized into discrete structures, the 
chromosomes, which are visible microscopically in the nuclei of di- 
viding cells. The chromosomes are considered to be fine threads of 
nucleoprotein which are differentiated along their length into thou- 
saiids of distiiictive but submicroscopic units, the genes. The devel- 
opment of inherited characteristics is controlled by the action of the 
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genes. Chromosomes, and hence the genes, occur in pairs in the 
nuclei of the cells of individuals, one member of each pair being 
codtributed by each parent through the sperm or egg. 

11.98 Mutations, defined as changes in inherited characteristics, 
may be classified roughly into two catgories. Microscopically detect- 
able changes in chromosome structure are called chromosomaZ m t a -  
tions or aberrations. They may be responsible for visible changes in 
inherited characteristics, may cause reduced fertility, and frequently 
may be lethal, preventing development of the embryos. The second 
category, gene mutations, includes those cases in which sudden changes 
in inherited characteristics are not the result of demonstrable changes 
in chromosome structure but rather are believed to be due to changes 
in the chemical composition of the ncjrmal genes. The possibility 
remains, however, that many so-called gene mutations may actually be 
ultramicroscopic changes in chromosome structure. 

Mutated genes are commonly classified as dominant over the 
normal genes, in which case an individual will show the particular 
characteristic if he receives the mutated gene from either parent, or 
recessive, in which case an individual must receive the mutated gene 
from both parents before exhibiting the characteristic. Mutations of 
genes in the sex chromosome are partial exceptions to this rule since 
the male offspring receive sex-linked aenw only from their female 
parent and, hence, exhibit even recessive sex-linked genes. While 
most gene mutations appear to be recessive, recent evidence indicates 
that many so-called recessives are partially dominant. 

11.100 Gene mutations produce a wide spectrum of effects ranging 
from visible changes with no apparent effects on viability and fertility 
to lethal mutations which kill the individuals in which they are 
expressed. However, almost all mutations are deleterious, the occur- 
rence of beneficial mutations being very rare. 

11.101 The normal or spontaneous frequency of chromosomal aber- 
rations and gene mutations is low. The rate of both can be increased 
by higher than nmmal temperatures, certain chemicals, and radiation. 
The same kinds and about the same relative frequencies of the various 
kinds of gene mutations are observed following radiation as occur 
spontaneously. The frequency of radiation-induced genetic changes 
increases with increasing dose. 

11.99 

e. 

RADIATION AND HUMAX GENETICS 

11.102 Any study of human genetics is complicated by the long 
life span of man, the small number of offspring and the difficulty of 
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making long-term observations. Radiation genetic studies in man en- 
counter a further difficulty in the fact that, although dominant muta- 
tions express themselves in the next generation, recessives may lie 
hidden for many generations. Enough work has been done with mice 
to show that mutations are produced in them by radiation, but quan- 
titative estimates of the genetic hazards of radiation to man have 
had to be based largely on the fruitfly and other organisms that are 
not closely related to man or even to mammals. However, radiation- 
induced gene mutation rates have been shorn to be about the same 
magnitude over a wide range of organisms. It is, therefore, reason- 
able to assume that a similar rate would be found in man. 

On the basis of this rate and of estimates of the rate of 
naturally occurring mutations in man, published estimates of the dose 
that might be expected to double the gene mutation rate in man range 
from as low as 3 r to as high as 300 r and it is conceivable that the 
true value lies outside these limits. Since there is so much uncer- 
tainty about such a basic factor as this, not to mention the many other 
factors that would enter into an evaluation of the total effects of a 
given increase in mutation rate, it is apparent that at  present, as one 
iwestigator has said, “no judgments of the genetic c~meqzmczs of 
radiation in man can be taken very seriously.” 

11.104 I n  the face of the large number of gaps in our knowledge. 
it is hard to arrive at meaningful practical recommendations. Some 
guidance may be derived from an important point which has emerged 
from experimental work. There is a large body of data which indi- 
cate that any dose of radiation, no matter how small, increases the 
probability of genetic changes. Until recently the risk would have 
been thought to apply mainly to distant descendants. New informa- 
tion on the frequency of partial dominants (see par. 11.99) indicatss 
that the risk may not be negligible even to the first generation. 

Incomplete experimental work as reported thus far has 
shown that the rate of induction of at least certain types of chromo- 
somal aberrations is much greater in mice than it is in the fruitfly. 
However, if the mice are not bred until some time after the exposure 
to radiation, the frequency of such chromosomal aberrations is greatly 
reduced. The important practical conclusion can, theref ore, be drawn 
that the probability of passing on chromosome aberrations to the next 
generation will be greatly reduced if individuals exposed to doses of 
radiation refrain from begetting offspring for a period of 2 or 3 months 
following exposure. It should, however, be stressed that, according 
to the evidence available from experimental work, this practice would 
cause little or no reduction in the risk of traiismittiiig gene mutations. 

11.103 

11.105 
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11.106 It may be stated, therefore, that many of the basic data 

necessary for a reliable estimate of the genetic effects of radiation in 
human populations have not yet been obtained. We are not yet able to 
calculate the exact magnitude of the risk. The specific practical rec- 
ommendations have had to be limited to those which we know will re- 
duce the risk. The extent t o  which these measures will reduce it, and 
the level to which it should be reduced, cannot be determined a t  the 
present time. It is obvious, therefore, that until more basic knowledge 
is available, exposure of personnel should be kept to a minimum. 

11.107 Laboratories of the Atomic Energy Commission and of co- 
operating universities are vigorously pursuing research designed to 
supply some of the basic data required. The Atomic Bomb Casualty 
Commission is carrying out an extensive, long-term, genetic study of 
survivors of the blasts at Hiroshima and Nagasaki. Large scale mouse 
genetics programs will supply reliable data on radiation-induced mu- 
tation rates and the frequency of semisterility due to chromosome aber- 
rations following irradiation. Extensive genetic studies of Drosoph- 
ila populations following acute and chronic exposure to radiation will 
supply information concerning the accumulation of lethal mutations 
in populations. Mutation rates and cytological effects of various 
types of radiation are being studied in several different species in an 
effort to gain better estimates of the genetic effects of radiation and 
to determine the mechanism by which the genetic effects are produced. 
As results of these and similar studies become available, more refined 
estimates of the human genetic risks may be made, but accurate esti- 
mates will not be possible until many more basic human genetics data 
are available. 
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recommended some t 
be given the respo 

os Alamos Scientific 
preparing for publication a 

handbook on the effects of atomic weapons. The recommendation 
was made by the Weapons Effects Classification Board, a committee 
of military and civilian scientists serving as advisers to the Atomic 
Energy Commission. The Board’s recommendation was approved by 
the Atomic Energy Commission late in 1948, and this volume is the 
result. 

Its purpose is to present, as accurately as is possible in the light of 
present knowledge, a technical summary of the results to be expected 
from the detonation of atomic weapons. Of necessity, classified in- 
formation vital to the national security has been omitted. 

The need for such a book, and the daculties encountered in its 
preparation. arise from a common origin: the tremendous energy 
release resulting from an atomic bomb explosion. The need is for a 
book that can promote intelligent understanding of the effects of.this 
enormous energy release when used as a weapon in war. The diffi- 
culties stem from the fact that the energy is released on a scale never 
before used by man, so that previous experience with conventional 
high explosives provides an inadequate basis for scientific prediction 
of results. In addition, atomic explosion phenomena are so complex 
as to make precise quantitative evaluation of their results almost 
impossible. 

With the concurrence of the Atomic Energy Commission a technical 
staff was appointed by the Los Alamos Scientific Laboratory to coni- 
pile the material for the book. Members of this staff were: Dr. 
Joseph 0. Hirschfelder, professor of chemistry at the University of 
Wisconsin; Lt. Col. David B. Parker, Office of Deputy Assistant 
Chief of Staff, G-3, for Atomic Energy, U. S. Army General Staff; 
Arnold Eramish, a physicist on the staff of the Atomic Energy 
Commission in Washington, D. C.; and Dr. Ralph Carlisle Smith, an 
assistant director of the Los Alamos Scientific Laboratory. 

Because experts in all the many aspects of this problem could not 
be found solely at Los Alamos, distinguished scientists were called 
upon by the editors to prepare their views on the subjects in which 
they were specialists. The various chapters of this book represent 

V I I  
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the integration of their ideas with those of equally distinguished 
critics and consdtants. 

When the first compilation had been prepared, Dr. Samuel Glas- 
stone, professor of physical chemistry and tjhe aut>hor of well-known 
scientific treatises, including the Atomic Energy Commission Source- 
book on Atomic Energy, was requested by the editors to join them as 
Executive Editor in the final rewriting of the manuscript. Part of 
his work was to minimize as far as possible the repetition of subject 
matter and the inconsistencies resulting from the multiple sources 
and from the lack of accurate knowledge in this relatively new field. 

While the predictions of this book cannot be guaranteed to be 
precise, nevertheless they probably represent the most nearly quanti- 
tative approach to atomic bomb phenomenology which can be pub- 
lished at this time. 

NORRIS E. BRADBURY 
Director 
Los Alamos Scientific Laboratory 
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CHAPTER I 

PRINCIPLES OF AN ATOMIC EXPLOSION 
A. INTRODUCTION 

CHARACTERISTICS OF AN ATOMIC EXPLOSION 

1.1 The atomic bomb is a new weapon of great destructive power. 
It resembles bombs of the more conventional type in so far as its 
explosive effect is the result of the very rapid liberation of a large 
quantity of energy in a relatively small space. But it differs from 
other bombs in three important respects: h t ,  the amount of energy 
released by an atomic bomb is a thousand or more times as great as 
that produced by the most powedul TNT bombs; second, the explo- 
sion of the bomb is accompanied by highly-penetrating, and deleteri- 
ous, invisible rays, in addition to intense heat and light; and third, 
the substances which remain after the explosion are radioactive, 
emitting radiations capable of producing harmful consequences in 
living organisms. It is on account of these differences that the effects 
of the atomic bomb require special consideration. 

A knowledge and understanding of the mechanical and radia- 
tion phenomena associated with an atomic explosion are of vital im- 
portance. The information may be utilized, on the one hand, by 
architects and engineers in the design of structures; while on the other 
hand, those responsible for civil defense, including treatment of the 
injured , can make preparations to deal with the emergencies that may 
arise from an atomic explosion. 

During World War I1 many large cities in England, Germany, 
and Japan were subjected to terrzc attacks by high-explosive and 
incendiary bombs. Yet, when proper steps had been taken for the 
protection of the civilian population and for the restoration of services 
after the bombing, there was little, if any, evidence of panic. It is 
the purpose of this book t o  state the facts concerning the atomic 
bomb, and to make an objective, scientific analysis of these facts. 
It is hoped that as a result, although it may not be feasible completely 
to allay fear, it  will at least be- possible to avoid panic. 

1.2 

1.3 

1 Material ccqtributed by Q. Qamow, S. Glasstone, J. 0. Hirschfelder. 
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2 PRINCIPLES OF AN ATOMIC 

PRINCIPLES OF A CHEMICAL EXPLOSION 

EXPLOSION 

1.4 Before the discovery of how atomic energy could be released 
for destructive purposes, the explosive material io bombs of bhe type 
in general use, often referred to as conventional bombas ~o~s ;a te$  
largely of TNT (trinitrotoluene) or of a related chenkd materiaf, 
These explosive substances have the characteristio of 'behg mstctble 
in nature, their break-up being associated whh the liberation of a 
relatively large amount of energy, mainly as heat. Once the decom- 
position of a few molecules of TNT has been initiated, by means of 
a suitable detonator, the resulting shock causes more molecules to 
decompose. As a result, the over-all rate a t  which TNT molecules 
break up is very high. This type of behavior is characteristic of 
many explosions, the process being accompanied by the liberation of 
a large quantity of energy in a very short period of time. 

1.5 The products of the decomposition of conventional military 
explosives are mainly gaseous nitrogen and oxides of nitrogen, oxides 
of carbon and water vapor, and some solids, notably carbon, which 
are readily dissipated in the air. To all intents and purposes, there- 
fore, the substances remaining after the explosion do no more harm 
than the poisonous carbon monoxide present in the exhaust gases 
from automobile and airplane engines in the open. 

In a chemical molecule the various atoms are held together 
b-y certain forces, sometimes referred to as valence bonds; when the 
molecule suffers decomposition, there is a rearrangement of the 
atoms, and there is a change in the character of the valence bonds. 
As stated above, a chemical explosive is an unstable compound, and 
in it the valence forces are relatively weak. In its decomposition 
products, however, the same atoms are bound more strongly. It is a 
law of physics that the conversion of any system in which the con- 
stituents are held together by weak forces to one in which the forces 
are stronger must be accompanied by the release of energy. Con- 
sequently, the decomposition of an unstable chemical explosive 
results in the liberation of energy. The manner in which this energy 
is converted into a destructive force wdl be described in Chapter 111. 

1.6 

B. NUCLEAR FISSION AND THE ATOMIC BOMB 

NUCLEAR STRUCTURE AND ISOTOPES 

1.7 An atomic explosion differs from one of the conventional type 
in the respect that the reaction taking place is not merely the rear- 
rangement of the atoms among themselves, but rather of the re- 
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the nuclei of the 
of protons, each 

neutrons, which are 
tron and of the 

are very nearly the same to unity on the ordinary 
-weight scale. Because e units of which atomic 

nuclei are composed, and for other reasons, protons and neutrons are 
often referred to by the general term nucleon. 

1.8 An atomic explosion may be described as the result of a 
particular nuclear ’reaction associated with the rearrangement of the 
constituent nucleons of a suitable atomic nucleus. Not all nuclear 
reactions can lead to explosions, but there are special circumstances 
operatiye in the t-ype of reaction employed in the atomic bomb which 
can lead to the very rapid liberation of enormous amounts of energy. 

Since the mass of a nucleon is approximately unity, the total 
number of nucleons in an atomic nucleus is equal to the atomic weight 
or, more correctly, to the mas8 number, i. e., the integer nearest to 
the atomic weight, of the element. The number of protons present 
is equal to what is h o r n  as the atomic numbe-p. 

1.10 It is the atomic number, i. e., the number of protons, and 
not the atomic weight, which determines the chemical properties of 
an element. Thus, atoms with nuclei containing the same number 
of protons, i. e., with the same atomic number, but different numbers 
of neutrons, and hence different mass numbers (atomic weights), are 
essentially identical from the chemical standpoint, although they fre- 
quently exhibit differences of nuclear stability. Such species, having 
the same atomic number but different atomic weights, are called 
isotopes. Most elements present in nature exist in two or more 
stable isotopic forms, which are virtually indistinguishable chemically, 
although their atomic weights (or mass numbers) are different. Thus 
hydrogen exists in two stable isotopic forms, mass numbers 1 and 2; 
oxygen has three stable isotopes, mass numbers 16, 17, and 18; and 
tin has as many as 10 stable isotopes. 

unit positive cha 

1.9 

RADIOACTIVE, ISOTOPES 
In  addition to these stable isotopes and a few unstable ones 

referred t o  below (0 l.lS), which occur naturally, it has been found 
1.11 

2 The reader of this book wi l l  be familiar with the fact that all atoms consist of positively charged nuclei 
surrounded, a t  a relatively large distance, by negatively charged electrons. The number of electrons is 
equal to the number of positive charges on the nucleus, so that the whole atom is electrically heutraJ. Sev- 
eral books are available which give further information on the subject of %tomic structure and of the funda- 
mentals of atomic energy, for example, S. Glasstone, “Sourcebook of dtomic Energy,” U. S. Atomic Energy 
Commission. 
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in recent years that it is possible to produce, by various nuclear 
reactions, unstable radioactive isotopes of all the known elements. 
In  fact, there are many more of these so-called artificial, radioactive 
isotopes, or radioisotopes, known at  the present time than there are 
stable species. About 280 of the latter exist in nature, but something 
like 800 radioisotopes have been made in various ways, and the 
number is stili increasing. 

1.12 If a particular atomic species is to be stable, the ratio of 
neutrons to protons in the nucleus must lie within a certain limited 
range. This may be seen from Fig. 1.12, in which the number of 
neutrons (ordinates) is plotted against the number of protons (ab- 
scissas) present in each of the known stable atomic nuclei. I t  is 
evident that the points lie within a relatively narrow band, corre- 
sponding to a restricted stability range for the ratio of neutrons to 
 proton^.^ When the numbers of neutrons and protons in a specific 
nucleus are such that the neutron-to-proton ratio lies outside the 
stability range for that mass number, the given isotope will be radio- 
active. The unstable nucleus will then undergo spontaneous change 
in an effort to attain stability. 

1.13 Should the isotope contain more neutrons or, what is the 
same thing, fewer protons than required for stability, a (neutral) 
neutron will change into a (positive) proton, a t  the same time expel- 
ling a negative electron from the nucleus. The product, which has a 
different atomic number, and hence is actually a different element, 
will thus be more stable than its parent. If it is not entirely stable, 
however, it also will be radioactive. After one, two, or more stages, 
in each of which a neutron is replaced by a proton and a negative 
electron is emitted, a stable species is formed. 

Similarly, when the number of neutrons in the nucleus is too 
small, or the number of protons too large, for the neutron-to-proton 
ratio to be within the stability range, the particular isotope will be 
unstable. However, a proton will now tend to change into a neutron, 
and at  the same time a positive electron is ejected from the nucleus 
of the radioactive isotope. As in the case considered above, a stable 
nucleus is formed after one or more stages of radioactivity. 

The two types of radioactivity just considered are called 
beta activity. The term “beta particle” is really synonymous with 
“electron,” but the former name is used when the electron originates 
in the atomic nucleus, as it does in the instances described above. 

1.14 

1.15 

3 The full line drawn across the figure represents a neutron-to-proton ratio of unity. It is seen that as 
the mass number, i. e., the sum of the neutrons and protons, is increased, the ratio increases steadily from 
about unity t o  nearly 1.6. 
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to as negative beta activity, while the 
is used for the kind of radioactivity in 
positron) is expelled from the nucleus. 
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Figure 1.12. Numbers of neutrons and protons in stable nuclei. 

1.16 In the foregoing discussion it has been tacitly assumed that 
the radioactive species are isotopes of stable elements. But not all 
unstable nuclei fall into this category. The first radioactive sub- 
stances . to be discovered were in fact isotopes of the heaviest elements, 
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that is, those of highest atomic weight, occurring in nature, which 
do not have any stable isotopic forms. Examples are uranium, 
thorium, and radium. About 30 radioactive isotopes of such ele- 
ments occur naturally. There do exist in nature about 20 radioactive 
isotopes of certain elements which are also known in stable isotopic 
forms. Examples are bismuth, lead, and potassium. However, 
apart from their occurrence or otherwise in nature, there is no funda- 
mental difference between the various radioactive species. 

1.17 Although cases of negative beta emission are common, no 
instance of radioactivity accompanied by the emission of a positive 
beta particle has been observed among the heaviest elements, whether 
they exist in nature or have been obtained in other ways. For such 
of these elements, and for a very few isotopes of moderate atomic 
weight, as have neutron-to-proton ratios too small for stability, the 
condition can be adjusted in the direction of stability in another 
manners4 This is by the ejection of an alpha particle, which is made 
up of two protons and two neutrons in close combination.’ An alpha 
particle carries two unit positive charges, because of its two protons, 
and is more than seven thousand times as heavy as an electron. 

RADIOACTIVE DECAY: HALF LIFE 

1.18 The spontaneous change taking place in an unstable atomic 
nucleus is known as radioactive decay; each radioisotope decays at a 
characteristic rate, which cannot be changed, at least not by any 
available means. The rate of decay for any particular radioactive 
species is expressed by means of its half 1;;fe; this is defined as the time 
taken for the activity of a given quantity of a radioactive material 
to decay to half its initial value. Because radioactive decay is ex- 
ponential in nature, the half life has a definite value irrespectit-e of 
the amount of active material originally present. The half life is a 
characteristic property of each radioisotope; different radioactive 
isotopes of the same element, for example, have different half lives. 
The known values, of which a few are recorded in Table 1.18, range 
from less than a millionth of a second for polonium 212, the isotope 
of the element polonium of mass number 212, to more than ten billion 
years for thorium 232, the most abundant isotope (mass number 232) 
of thorium. 

4 A further possibility, which needs only brief mention here, is for a proton in the nucleus to capture an 
external (orbital) electron of the atom, thus being converted into a neutron. This process is known as 
orbital-electron capture. 



NUCLEAR FISSION AND THE A'rOMIC BOMB 7 
TABLE 1.18 

HALF LIVES OF SOME RADIOISOTOPES 

Isotope Activity Half Life Isotope Activity Half Life . 
Sodium 24 @- 14.8 hr. Cesium 137 F 37yr. 
Potassium 40 @- 1.5X109 yr. Polonium 212 a 3X10-7sec. 
Selenium 81 @- 17 min. Radium 226 a 1,590 yr. 
Bromine 87 p- 55.6 see. Thorium 232 a 1.39X1,010 yr. 
Strontium 90 0- 25 yr. Uranium 233 a 1.65X105 yr. 
Krypton 92 8- 3 see. Uranium 236 c 7.07X108 yr. 
Yttrium 93 R- 10hr. Uranium 238 CY 4.51 X lo9 yr. 
Molybdenum 93 JS+ 6.7 hr. Uranium 239 p- 23 min. 
Technetium 99 p- 9.4 X 10j yr. Neptunium 239 6- 2.3 days 
Iodine 131 0- 8.0days Plutonium 239 CY 2.41 X 104 yr. 

1.19 I t  is because of the very long half lives of uranium 238, 
uranium 235, and thorium 232 that radioactive species of high atomic 
weight occw 1h nature, in spite of their instability. Of the 42 such 
known isotopes, 39 are formed in various stages of decay of these 
three parents, or precursors, of three radioactive decay series. The 
€amiliar element radmm, for example, is-amember of the series of 
which uranium 238 is the parent. In nature the several products 
decay at  various rates, but they are replaced virtually as fast  as they 
decay, so that the amounts remain essentially unchanged. In the 
course of millions of years, however, a slight decrease would become 
apparent, because of the slow decay of the parent element. The 
final or end products of the three decay series are stable isotopes of 
lead, and so the quantity of this element in nature is increasing very 
slowly at  the expense of the uranium and thorium. 

Since the activity of a particular radioactive product is. re- 
duced to one-half in the half-life period, represented by the symbol 
T, it is evident that the amount remaining after n such intervals, i. e., 
after time nT, wil l  be ( $ d ) n .  Thus, after five times the half life, the 
activity has fallen t,o ($$J5, which is about 0.03, or 3 percent, of the 
original amount. After 10 times the half-life period, t,he activity is 
reduced to only 0.1 percent of the initial value. Hence, after the lapse 
of sufEcient time decay may be regarded as virtually complete. 

Except where the rate of decay is extremely rapid, the half 
liTes of most of the known radioisotopes have been measured, usually 
by means of instruments of the type described in Chapter IX, and 
the results have been tabulated. It is thus often a simple matter to 
identify a particular radioisotope if its rate of decay has been deter- 
mined, and its half life calculated. 

1-20 

1.21 

SS3555"-50-2 
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IDENTIFICATION OF RADIOISOTOPES 

1.22 It was stated earlier that isotopes of a given element have 
the same chemical properties; this is true whether the isotopes are 
stable or unstable. The chemistry of a radioactive species is thus 
indistinguishable from that of a stable isotope of the same element. 
Consequently the stable and unstable isotopes are chemically insepar- 
able, for all practical purposes. These facts have many important 
and interesting applications. Because of the electrically charged 
alpha and beta particles they emit, radioac'tive substances can be 
detected in extremely minute amounts, much smaller than can be 
identified in any other way. Quantities of radioactive material, less 
than a billionth of a gram in weight, which are too small to be visible 
in any optical microscope, can readily be detected by a Geiger counter 
or similar instrument (Chapter IX). Nevertheless, in spite of the 
infinitesimal amounts which may be present, the chemistry of a radio- 
active species will be completely known, since it is the same as that 
of a familiar element with which it is isotopic. 

. 

. 

GAMMA RAYS 

1.23 Radioactive changes are frequently accompanied by the 
emission of penetrating radiations called gamma rays. These are 
electromagnetic radiations, related to light rays and X-rays, but of 
shorter wave length, that is, in other words, of higher energy. Actu- 
ally, the longer gamma rays are identical with the shorter X-rays, so 
that the radiations are indistinguishable. The term gamma rays is 
nevertheless used to describe the radiations of short wave length 
which have their origin in atomic nuclei. Not all such gamma rays 
arise from radioactive changes, however, for they are often associated 
with other nuclear reactions. In fact, the emission of gamma rays 
represents an important way in which a nucleus in a state of high 
(internal) energy, often referred to as an excited nuclear state, can rid 
itself of the excess energy. 

NUCLEAR REACTIONS 

1.24 In addition to radioactive decay, which is a type of sponta- 
neous nuclear reaction that cannot be influenced in any practical 
manner, there are many other kinds of nuclear reactions brought 
about deliberately. Some of these involve the bombardment of 
atomic nuclei by electrically ch'arged particles, such as protons and 
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alpha particles, which have been accelerate4 to  high speeds, that is, 
given high energies, by means of certain devices, of which the 'cyclo- 
tron is perhaps the best known. But the most interesting nuclear 
processes, especially in connection with the problems associated with 
the atomic bomb, are those in which the electrically uncharged 
neutrons are employed to interact with atomic nuclei. 

As already seen, neutrons are one of the two types of nuclear 
constituents or nucleons ( 5  1.7); but free neutrons can be obtained 
as streams or rays which can be made to impinge on matter. Because 
they carry no electrical charge, they are not repelled by atomic nuclei, 
as are protons and alpha particles and, consequently, even neutrons 
of low energy, referred to  as slow neutrons, can enter atomic nuclei. 
In fact, for reasons which need not be considered here, slow neutrons 
of low energy have a much greater probability of being captured by 
an atomic nucleus than fast neutrons of high energy. When such a 
neutron capt-me occers, the resulti-,g c o m p c u ~ d  ?22ccleus, 2s it is cded ,  
is in an excited state and, as indicated above, in the great majority 
of cases the excess energy is radiated as gamma rays. For obvious 
reasons, processes of this erred to as radiative capture 
reactions. Nearly all the e isotopic species, as well as 
probably many unstable ones, exhibit radiative capture of neutrons; 
that is to say, the neutron enters the atomic nucleus and at  the same 
time-actually within an infinitesimal fraction of a second-gamma 
rays are emitted. 

When a neutron is captured by a nucleus, the number of 
neutrons in the latter is obviously increased by unity, but the number 
of protons remains unchanged. The emission of the excess energy as 
gamma radiation does not affect the number of either kind of nucleon, 
and so the product of radiative capture of a neutron is a nucleus 
with the same number of protons, i. e., the same atomic nun-:ber, as 
the original nucleus, but with one more neutron. The result is con- 
sequently an isotope of the original element, but with a higher atomic 
weight (mass number), due to the additional neutron. The radiative 
capture reaction, for example, between sodium 23 (Naa) and a neutron 
(n') is represented by 

1.25 

. 

1.26 

so that the product is sodium 24. Because of the increased neutron- 
to-proton ratio, the residual nucleus is frequently radioactive, decay- 
ing by the emission of a negative beta particle (§ 1.13), perhaps 
accompanied by gamma rays. Such is actually the case for sodium 24 
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mentioned above. I n  other words, the product of the radiative cap- 
ture df neutrons may well be a radioactive isotope of the element 
which captured the neutrons. 

NUCLEAR FISSION 

1.27 The great majority of nuclear reactions, whether spontaneous 
or the result of bombardment of atomic nuclei by neutrons or by 
charged particles, are’accompanied either by the emission of gamma 
rays or by the expulsion of a relatively small particle, such as an 
alpha particl8, a proton, a neutron or an electron (beta particle). 
The product nucleus is then still close, both in atomic number and 
mass number, to the original nucleus. With elements of high atomic 
number, that is, with the heavy elements lying toward the end of the 
periodic system, an entirely different type of nuclear reaction, known 
as;fission, becomes possible. The reacting nucleus then splits up into 
two, more or less equal, parts, both of which differ considerably in 
atomic number and mass number from the original nucleus. Nuclear 
fission can be brought about in various ways, but by far the most 
important, especially for present purposes, is that in which neutrons 
are employed. It is, in fact, the fission of certain atomic nuclei by 
neutrons which is the fundamental reaction in the atomic bomb. 

Uranium, the element of highest atomic number existing in 
nature, occurs naturally as a mixture of three isotopic forms, with 
mass numbers 234, 235, and 238, respectively. The uranium 238 
isotope is present to the extent of 99.282 percent, while uranium 235 
constitutes 0.712 percent; the very small remainder, which may be 
ignored here, consists of uranium 234 (Table 1.28). It has been 
found that the more abundant uranium 238 undergoes fission when 
subjected to fast (high-energy) neutrons, but either fast or slow neu- 
trons will induce fission of the less common uranium 235 isotope. 

1.28 

TABLE 1.28 

ISOTOPIC COMPOSITION OF NATURAL URANIUM 

Mass 
Number Percent Half Life 

238 99.282 4. 51 X loQ yr. 
235 0. 712 7.07XloS 
234 0.006 2.35X 105 

1.29 The fission of uranium 238 by fast neutrons competes, to 
some extent, with a radiative capture reaction, and for neutrons of 
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speed, the lat,ter ~ T O C B S  
the radiative capture is an isotope of uranium, mass numb 
formed by the redtetion 

The uranium 239 decays by the emission of 
with a half life of 23 &mites (Table 1.181, thus 

8 t h  beta particle, 

U23”-.p+Np@, 

the product being neptunium 239, an isotope d which only the 
merest traces, if any, exist in nature. This substan& also exhibits 
negative beta activity, its half life being 2.3 days, thus 

Np239+B + Puns, 

forming plutoniqm 239. This isotope, like its parent, i. e., neptunium 
239, is extremely scarce in nature. 

1.30 Plutohium 239 is a substance of special interest. Like 
uranium 235, it w i l l  undergo fission as a result of the action of either 
slow or fast neutrons. It has a relatively long half life, about 24,000 
y e m ,  so that it decays very slowly, accompanied by the emission of 
alpha particles. The decay product of plutonium 239 is the long- 
lived uranium 235, so that the fission properties would remain essen- 
tially unchanged for millions of years. The fission of uranium 235 
or of plutonium 239 can be utilized in atomic bombs. 

ENERGY RELEASE IN FISSION 

1.31 One of the notable characteristics of the fission reaction is 
that it is associated with the release of a large amount of energy, 
about ten times as great as for any previously known nuclear process, 
The reason for the large energy release is due to circumstances which 
are essentially the same as those responsible for the energy liberated 
in the decomposition of TNT or other chemical explosive. In the 
case of nuclear fission, the binding forces between the nucleons, i. e., 
the protons and neutrons, in the uranium or other nucleus undergoing 
fission is less than they are in the nuclei formed as a consequence of 
fission. A s  seen in 5 1.6, this state of affairs must lead to a liberation 
of energy, as is actually observed. 

1.32 It is of interest to consider briefly why the binding forces 
are greater in the lighter fissian-prdust nuclei than they are in the 

, 
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heavier uranium or plutonium nuclei undergoing the fission reaction. 
It has been established that within the nucleus very strong forces of 
attraction exist between neutrons and protons and also between neu- 
trons themselves. But the protons, being positively charged, repel 
one another and so introduce a force of repulsion, which is approxi- 
mately proportional to the square of the number of protons present. 
The stability of a given nucleus is determined by the balance between 
these forces of attraction and repulsion. 

With increasing atomic number, the number of protons in 
the nucleus, and hence the magnitude of the force of repulsion, in- 
creases rapidly, and relative stability can be attained only as a result 
of increasing the number of neutrons. The increased attractive force 
then counteracts, to some extent, the force of repulsion. The ratio 
of neutrons to protons is thus higher among elements of high atomic 
(ormass) number than among those of lower atomic (or mass) num- 
ber (see Fig. 1.12). For example, the nucleus of uranium 238 con- 
tains 146 neutrons and 92 protons, so that the neutron-to-proton ratio 
is nearly 1.6. On the other hand, in the nucleus of tin 119, with half 
the mass number, there are 69 neutrons and 50 protons, so that the 
ratio is close to 1.4. In  spite of the increased number of neutrons, 
which serve to provide some degree of stability, in the nuclei of high 
mass number, it  is not surprising to find that the mean resultant 
binding force between the nucleons is smaller than it is for nuclei of 
lower mass number. Support for this statement is found in the fact, 
mentioned in 5 1.16 that no stable isotopes of the heaviest elements 
are known, for they are all radioactive, thus indicating their relative 
instability. 

Because the binding forces between nucleons in a nucleus 
are very much greater than those operative between the atoms in a 
molecule of a chemical compound, the amounts of energy released in 
nuclear reactions, particularly in fission, are considerably larger than 
those liberated in chemical processes. A convenient way of calculat- 
icg the energy change is to utilize the fact that the forces in atomic 
nuclei manifest themselves in the respective nuclear masses. Ac 
cording to the theory of relativity there is an equivalence of mass and 
energy, which can be represented in the form of the Einstein equation 

E=mc2, (1.34.1) 

where E is the energy equivalent of the mass m, and c is the velocity 
of light. If m is expressed in grams, and c is taken as 3XlO'O centi- 
meters per second, then the energy E will be in ergs; thus 

(1.34.2) 

' 

1.33 

1.34 

E (erge) = 9 X 1 O z o m  (grams). 
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In order to obtain the energy in calories, this result is divided by 
4.2X10'. The energy change in any nuclear reaction can then be 
obtained from this equation by inserting for m the Merence in mass 
between the interacting nuclei and other particles, on the one hand, 
and the products of the nuclear reaction, on the other hand. 

The total mass of a uranium 235 nucleus and a neutron, is 
known to be greater than the sum of the masses of the immediate 
products formed as a result of fission. This dzerence in mass is the 
equivalent of the energy released in the process. When 1 kilogram, 
i. e ,  1,000 grams, of uranium 235 undergoes fission the decrease of mass 
is just less than 1 gram and, by equation (1.34.2), this is equivalent 
to somewhat below 9X1OZo ergs, or 2.1X1013 calories. 

1.36 In  order to provide a dehi te  basis for discussion, the present 
book will consider, primarily, the effects of a nominal atomic bomb, ~ 

simiiar to those used at  Hiroshima and Eagasaki. The energy re- 
lease of such a bomb is approximately equivalent to that of 20 kilotons, 
i. e., 20,000 tons, of TNT, and since the energy equivalent of a ton 
of TNT is taken to be -lo9 calories, the energy release of the nominal 
atomic bomb is 2X1013 calories. Comparing this result with that 
given above for the energy produced in the fission of uranium 235, 
it is seen that in the complete fission of 1 kilogram, i. e., 2.2 pounds, 
of uranium 235 the energy released is essentially equivalent to that 
of 20 kilotons of TNT. Consequently, the fission of uranium 235 
would liberate nearly 20 million times as much energy as the ex- 
plosion of an equivalent weight of TNT. The same general ratio 
applies also to p!utonium 239. 

The amount of energy produced in the fission of 1. kilogram 
of uranium 235 or plutonium is expressed in various units in Table 
1.37. I t  is of interest to add that it is also equivalent to about 

1.35 

1.37 

TABLE 1.37 

ENERGY EQUIVilLENT O F  FISSIOM OF 1 KILOGRAM OF URANIUM 235 

20,000 tons of TNT 
2 X lOI3  calories 
8.4X 1W0 ergs 
6.2X 1073 foot-pounds 
2.3X lo7 kilowatt hours 

7,000 tons of coal and to the daily output of Hoover Dam. Although 
the energy released in fission is very impressive, it is relatively small 
compared with the energies involved in the forces of nature. For 
example, it is about the same as the energy of the sun's rays falling 
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on 2 square miles of ground during an average day, or to that released 
in a moderate rainstorm producing a quarter of an inch of precipitation 
over Washington, D. C. A strong earthquake involves almost as 
much energy as would be supplied by a million atomic bombs of the 
type under consideration. 

When uranium 235 or plutonium undergoes fission, not all of 
the energy is released promptly; about 89 percent is liberated within 
the first second, while the remaining 11 percent appears later, as will 
be explained below ( 5  1.55). Since the latter is not available to 
contribute either to  the blast or to other immediate primary effects 
of an atomic bomb, it is not included in the energy values given 
above. The fission of a single atom of uranium or plutonium releases 
6.7XlO-” calories, and hence, in order to produce 2X1013 calories, it 
is necessary for about 3X1OZ4 atoms to suffer fission to release the 
energy equivalent to 20 kilotons of TNT. This number of atoms is, 
of course, approximately the total number present in 1 kilogram of 
uranium 235 or plutonium. 

1.38 

FISSION CHAIN REACTION 

1.39 In spite of the enormous energy liberation in nuclear fission, 
this alone would not have made the atomic bomb possible. The 
important point, in addition, is that the fission process, initiated by 
neutrons, is accompanied by the almost instantaneous emission of 
more than one neutron for each nucleus undergoing fission. When 
it is recalled, as indicated above, that the proportion of neutrons to 
protons in the fissionable nucleus is normally much greater than in 
the lighter nuclei which result, it is not surprising that some neutrons 
are set free in the actual fission process. The neutrons liberated in 
this manner are able to induce fission of other nuclei, each such process 
resulting in the emission of more neutrons which produce further 
fission, and so on. Thus, in prinkiple, a single neutron could start 
off a chain of fissions, the number of nuclei involved increasing at a 
tremendous rate. 

Suppose, for simplicity, that for each uranium or plutonium 
nucleus suffering fission two neutrons are liberated; if each of these 
causes fission, with the release of two neutrons in each case, there will 
be four neutrons available. These could induce fission of four more 
nuclei, accompanied by the emission of eight neutrons, the chain con- 
tinuing, in theory, until no more fissionable material remains. A 
single neutron might thus cause.the fission of a large quantity of ura- 

1.40 
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nium 235, just as the detonation of a molecules of TNT might 
bring about the explosion of a considerable charge. 

If, as just suggested, the number of neutrons, and hence of 
nuclei undergoing fission, is doubled in each generation, then starting 
with a single neutron the numbers would increase steadily, thus, I, 
2, 4, 8, 16, 32, 64, . . . . In about 80 generations enough neutrons 
would have been produced to cause the fission of every nxdeus in 1 
kilogram of uranium, resulting in the liberation of 2 X l O I 3  caIories of 
energy. The time required for the actual fission process is very small, 
and most of the resulting neutrons are emitted promptly. Conse- 
quently, the interval between successive generations is determined by 
the average time required for a free neutron to be captured by a fis- 
sionable nucleus. Supposing this to be about lo-* second, t,hen the 
eightieth generation would be attained in less than a millionth of a 
second. The release of the enormous amount of energy in such a 
short interval of time would de the conditions for a tremendous 
explosion. It is seen, therefore, that because the fission process is 
accompanied by the instantaneous Liberation of neutrons, as well as 
of large quantities of energy, it is possible, in principle, to produce a 
self-sustaining, chain reaction capable of being utilized in an extremely 
powerful bomb. This is the atomic bomb, so called because it makes 
use of the energy of the fissionable atoms or, more correctly, of the 
nuclei of such atoms. 

It may be pointed out that the foregoing calculations have 
been based on the postulate that every neutron liberated in the fission 
of each uranium nucleus goes on to produce fission in other nuclei. 
In  actual practice this is not the case. A proportion of the neutrons 
are always absorbed as a result of competing capture processes, while 
others escape from the system altogether. If the rate a t  which the 
neutrons are lost in these ways exceeds t,he rate at which they are 
formed by the &&on of nuclei, the fission reaction would soon come 
to a stop. The escape of neutrons occurs a t  the exterior of the fission- 
able material, and this depends on the surface area, whereas the Ession 
process, which results in the formation of more neutrons, takes place 
in the interior, so that it is proportional to the volume. Hence, the 
relative rate of loss of neutrons by escape can be minimized by in- 
creasing the size of the system, for in this manner the ratio of area to 
volume is decreased. 

1.41 

1.42 

' 

CRITICAL SIZE OF ATOMIC BOMB 
1.43 If the quantity of material is too small, that is to say, if the  

ratio of the surface area to volume is too large, the loss of neutrons 
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will be so great that the propagation of the fission chain reaction, and 
hence the production of an explosion, will not be possible. But as 
the size of the system undergoing fission is increased, and t.he relative 
loss of neutrons by escape is decreased, as is shown diagrammatically 
in Fig. 1.43, a point is reached at which the reaction becomes self- 

@ 
Figure 1.43. Diagrammatic representation of effect of size of fissionable material 

on relative loss of neutrons by escape. 

sustaining, once it has been initiated. This is referred to as the critical 
size of the chain-reacting system. An atomic bomb, to be effective, 
must thus contain a sufficient amount of fissionable material to exceed 
the critical size.5 The critical size depends, among other things, on 
the isotopic composition of the fissionable material and on hhe presence 
of substances which capture neutrons. By surrounding the system 
with a suitable neutron reflector, the loss of neutrons by escape can 
be reduced, and hence the critical size diminished to some extent. 

Because of the presence of stray neutrons in the atmosphere, 
a quantity of fissionable material exceeding the critical dimensions 
would be liable to explode. Therefore, it is necessary that before 
detonation the bomb should consist of two or more separate parts, 
each of which is less than the critical size. To cause an explosion, 
these parts must be brought’together very rapidly. Extreme rapidity 

1.44 

5 The atomic bomb differs from conventional bombs in the respect that the former must contain, more 
than a critical quantity of fusionable (explosive) material, while the latter ean contain any desired quantity 
of explosive from a pound or so up to several tons. Consequently, conventional bombs may have large or 
small energy releases, but a “small” effective atomic bomb cannot he made. 
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is necessary, because if the cha action were to be initiated by 
stray neutrons before the parts reached their closest position, 
a relatively weak explosion would occur which would cause the bomb 
to break apart without releasing any appreciable amount of its 
energy. 
The possibilitry that such “fizzles” might be encountered in an 
atomic attack must be borne in mind.6 

In order to produce an atomic explosion it is necessary to 
induce fission by means of fast (high-energy) neutrons, for if slow 
neutrons were used the rate of energy liberation would be too slow 
to cause an effective explosion.’ It might be supposed, therefore, 
that uranium 238, tho most abundant isotope of this element, which 
undergoes fission with fast neutrons, could act as the fissionable ma- 
terial in an atomic bomb. However, this is not so, because uranium 
238 captures neutrons to  an appreciable extent in a nonfission reaction, 
as stated in 5 1.29. 
that the propagation of a chain reaction is not possible. 

- 

A bomb exploding in this manner would be called a “fizzle.” - 

1.45 

This competes with fission to such a de 

PRODUCTIOX OF FISSIONABLE 

Uranium 235 is a rare isotope, con 1.46 
percent, i. e., about 1 part in 140, of naturally occurring uranium 
(Table 1.28), while plutonium 239 does not exist a t  all on the earth, 
except perhaps in  extremely minute .traces. It is obvious, therefore, 
that the production of fissionable material for atomic bombs is a slow 
and difficult process. Uranium 235 is separated from the more 
abundant uranium 238 by making use of the fact that the lighter 
isotope, in the forin of its hexafluoride compound,, Muses through a 
porous diaphragm slightly more rapidly than does the heavier isotope. 

Plutonium, on the other hand, is made artxcially by nuclear 
processes taking place in a chain-reacting pile or nuclear reactor. 
Cylinders of pure uranium, containing the 235 and 238 isotopes, are 
inserted in a lattice of graphite; and fission of the uranium 235 is 
caused by neutrons which are slowed down by the graphite. Some 
of the neutrons produced in the fission process induce further fission 
of the uranium 235, while others, especially after being slowed down, 
are taken up by the uranium 238, in the radiative capture reaction 
described in 0 1.29, to form uranium 239. After two stages of beta 

1.47 

* The term ‘‘Iizzle’’ should not be eonfused with “dud” which is used to define a bomb that fa& to ex 

The neutrons emitted in the fission process are initially fsst migh-energy) urutrons. They are slowed 
pbde at all. 

down by collisions with atomic nuclei, especially ;hose of low atomic weight. 
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decay the relatively long-lived pluto.nium 239 is formed, and it is 
separated from the unchanged uranium cylinders by chemical proc- 
esses. These are carried out b y  remot,e control behind thick walls 
of concrete, because of the intense radioactivity of the material 
removed from the pile. * 

FISSION PRODUCTS 
So far little has been said concerning the nature of the 

products formed when a uranium or plutonium nucleus undergoes 
fission after taking up a neutron. It might be thought that the com- 
pound nucleus (Q 1.25) would split in an approximately symmetrical 
manner, but such is not the case. Actually, the uranium 235 nucleus 
splits up in from 30 to 40 different ways, for more than 60 primary 
products have been detected. The range of mass numbers is from 
72, probably an isotope of zinc (atomic number 30), to 158, believed 
to be an isotope of europium (atomic number 63). About 97 percent 
of the uranium 235 nuclei undergoing fission yield products which 
fall into two groups, a “light” group with mass numbers from 85 to 
104, and a “heavy” group, with mass numbers from 130 to 149, as 
shown in Fig. 1.48. This curve, for the fission of uranium 235 by 
slow neutrons, represents the fission yield, i. e., the percentage of 
fissions resulting in the formation of products with a given mass 
number, as a function of mass number. It should be mentioned that 
since each nucleus undergoing fission yields two product nuclei, the 
total fission yield, for all the mass numbers, adds up to 200 percent. 

percent of the total, is seen to give products with mass numbers 95 
and 139. It is apparent from these results, that fission of uranium 
235 is far from sykmetrical. I f  the compound nucleus split into 
two equal fragments, the mass of each would be 117 or 118; actually, 
only 0.01 percent of the uranium nuclei suffering fission break up in 
this manner. I n  the fission of plutonium 239 the results are much 
the same, although’ there are slight differences from the numbers 
quoted above for uranium 235.’ 

It was seen in 0 1.33 that the ratio of neutrons to protons in 
uranium 238 is nearly 1.6, and the values for uran im 235 and 
plutonium 239 are not very different. If these nuclei are split into 
two smaller nuclei, the neutron-to-proton ratio in the fragments will 
still be close to 1.6, assuming that the division of neutrons and protons 
occurred in much the same proportion. It is true that about one to 

1.48 

. 

1.49 The most probable type of’fission, representing about 6.4 1. 

1.50 

8 The data ~ v e n  here refer to fission by slow neutrons. In the atomic bomb the k i o n  is due mainly to 
fast neutrons, and the products may be formed in somewhat different proportions. 
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three neutrons are lost, in nevertheless, the neutron- 
to-proton ratio in the in 
greater than the stable value, which is abo 
mass numbers. In other words, the lighter nuclei formed at the 

60 80 I00 120 140 I 6 0  

MASS NUMBER 

of uranium 235. 
Figure 1.48. Fission yield as function of mass number in the slow neutron fission 

instant of fission contain too many neutfons for stability and hence, 
in accordance with the statements in 0 1.13, they will exhibit negative 
beta activity. ~ 

Suppose; in order to simplify the argument, that a uranium 
235 nucleus, upon fission by a neutron, splits up into two nuclei of 

1.51 . 
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mass numbers 95 and 139, these being the ones formed in largest 
amount (Fig- 1.48). It will be assumed, further, that the neutrons 
(n) and protons ( p )  divide in the same proportion, i. e., 57 n+38 p ,  
giving mass number 95 in one nucleus, and 85 n+54 p ,  giving mass 
number 139 in the other nucleus. These would correspond to the 
isotopes strontium 95 and xenon 139, respectively: The heaviest 
stable isotopes of these elements are strontium 88, i. e., 50 n f 3 8  p ,  
and xenon 136,‘i. e., 82 n+54 p ,  respectively, so that the fission prod- 
ucts obviously contain neutrons in excess of the number permissible 
for stability for the respective mass numbers. The stable species of 
the. same mass numbers nearest to the postulated fission products 
are molybdenum 95 and lanthanum 139, and these could be formed 
from strontium 95 and xenon 139 by three and four stages, respec- 
tively, of beta decay. 

Each direct fission product nucleus contains, on the average, 
three neutrons too many for stability; hence, it undergoes this same 
number of stages of beta decay before being converted into a stable 
isotope. Since the direct products, som,etimes calledJission fragments, 
start to decay immediately they are formed, their decay products 
begin to accumulate and decay in turn. The result is that within a 
very short time nearly two hundred different radioactive species, 
including fission fragments and their decay products, as well as a 
number of stable isotopes, are present. It is easy to understand, 
therefore,. why the substances remaining after the explosion of an 
atomic bomb will be highly radioactive, emitting both beta and 
gamma rays. 

The half lives of the fission products, that is, of the direct 
fragments and their decay products, range from a small fraction of a 
second to many years? It would thus take a considerable time for 
the activity to decay to virtual completion. Taking the activity 
after 5 minutes from the atomic bomb explosion as a point of refer- 
ence, the radioactivity, in terms of the rate of emission of particles, 
will be reduced to about 5 percent of this value at  the end of an hour, 
and to 0.1 percent within a day. Nevertheless, activity will be 
detectable after the lapse of a year. 

1.52 

1.53 

ENERGY DISTRI~TION IN NUCLEAR FISSION 

1.54 In  the decomposition of a chemical explo’sive virtually all of 
the energy liberated appears as kinetic energy of the products; in 

9 See “Nuclei Formed in Fission: Decay Characteristics, Fission Yields and Chain Relationships,” 
J. Amer. men. Sac., 68, 2411 (1946); Reo. Mod. Phys., 18, 513 (1946). 
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other words, nearly the whole of the energy appears instantaneously 
as heat. In the case of an atomic explosion due to a fission-chain 
reaction, most of the energy evolved a t  the instant of fission is heat 
energy; some is also emitted in the form of gamma rays and as energy 
of the neutrons which are expelled within a very short time. In 
addition there is the radioactive energy of the fission products. These 
latter forms of energy ultimately appear as heat, but they make ody 
a minor contribution to the force of the explosion. 

In the fission of uranium 235 by slow neutrons, about 83 
percent of the total energy liberated is converted into kinetic energy 
of the fission fragments, 3 percent is energy of the instantaneous 
gamma radiation, and another 3 percent of the energy is carried off 
by the neutrons, thus making a total of 89 percent of the fission 
energy, which is released promptly ( 5  1.38). The remaining 11 per- 
cent is set free in the course of time as energy of the bete a d  gamma 
rays produced by the radioactive decay of the fission products. When 
uranium 235 or plutonium 239 pf€ers fission by fast neutrons, as in 
the atomic bomb, the energy distribution is somewhat different, but 
the general principles are the same. 

1.55 

C. CONSEQUENCES OF AN EXPLOSION * 

SHOCK WAVES 

1.56 When a large amount of energy is rejeased explosively in a 
bomb, there is a considerable rise in temperature which results in the 
aimost complete vaporization, or gasification, of the products of the 
explosion (or fission), and also of the container. The very hot gases 
so produced in a restricted space are at a very high pressure,’and 
immediately following the explosion they start to move outward, that 
is, toward the external atmosphere where the pressure is lower. The 
great expansion which occurs then pushes away the surrounding me- 
dium, e. g., air, water or earth, with considerable force, and thus 
initiates a complex series of effects (see Chapters 111 and IV), which 
are responsible for the damage caused to structures and personnel. 
Although differing somewhat in detail, according as the explosion 
occurs at a hgh  or low altitude in the air, or at shallow or deep levels 
under water, or at varipus distances underground, the fundamental 
phenomena are the same. 

1.57 One of the important aspects of the air blast is the formation 
of a shock waue, capable of producing severe destructive effects; it  is 
formed in somewhat the following manner. Almost immediately 
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after an explosion, expansion of the hot gases initiates a pressure wave 
in the surrounding medium as represented very roughly by the curve 
in Fig. 1.57a; this shows the general nature of the variation of pressure 
with the distance from the explosion at a given instant. As the wave 
is propagated away from the center of the explosion, the following 
(or inner) part moves through a region which has been already com- 
pressed and heated by the leading (or outer) parts of the wave. The 
disturbance moves with the velocity of sound characteristic of the 
medium, and since this velocity increases with temperature and pres- 
sure the former part of the wave moves more rapidly and catches up 
on the latter, as shown in Fig. 1.57b. The wave front thus gets 
steeper and steeper, and within a very short period it becomes mathe- 
matically abrupt, as indicated in Fig. 1.57~. This represents the 

![/i< w P 0 -/1 
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DISTANCE 
Figure 1.57. Simplified representation of development of shock wave. 

destructive shock wave which continues to move forward through 
the medium for some time, essentially unchanged in form, but with 
gradually decreasing intensity. It can be seen that at the advancing 
front of the wave, called the shock front, there is a very sudden drop 
of pressure, to that of the surrounding atmosphere. The shock front 
thus behaves like a moving wall of highly compressed air or water. 

When the shock wave strikes a resistant surface, such as €hc 
earth, it is reflected back; this reflected wave is also capable of causing 
material damage. Under certain conditions the incident and reflected 
shock waves fuse for a limited distance, so that the air blast in this 
range is much greater thac that due to the incident shock (see 
Chapter 111). 

1.58 

EMISSION OF RADIATION IN ATOM~C EXPLOSION 

1.59 Apart from the mechanical or blast damage, which is 
characteristic of all bombs, the atomic bomb produces additional 
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effects due to the radiation emitted at the time of the explosion. 
For convenience this almost. instantaneo may be divided 
into two main categories, namely, ther r heat rays, and 
nuclear radiation, consisting of gamma rays and neutrons.'O Because 
of the very high temperatures attained in the e-xplosion of an atomic 
bomb, initially approaching that of the sun's interior, there is a large 
amount of thermal radiation. This is capable of causing physiological 
damage, due to burns, in human beings and animals, as well as iires in 
combustible structures directly exposed to the heat rays (Chapter 
VI). The nuclear radiations can also produce harmful effects depend- 
ing upon the quantity of radiation absorbed, determiaed largely by 
the distance from the explosion. If the amount absorbed is large, 
the consequences will probably be fatal; however, if it is not very 
great, there may be various unpleasant symptoms, but apparently 
complete recovery takes place within six months (Chapter XI). 

I t  may be noted that the effects of thermal radiation referred 
to above will result only if there is direct exposure when the atomic 

--expbsioff.ms. Buildings and clothing will provide some shielding 
ermal radiation; shielding from the penetrating, instantaneous 
al) nuclear radiation is more dif6cult and will be discussed 

later (Chapter VII) . 
In addition t o  the instantaneous radiation mentioned above, 

consideration must be given to the residual radiations, that is, the 
beta particles and gamma radiation emitted by the fission products 
for some time after the atomic explosion. If an atomic bomb burst 
takes place some distance above the surface of the earth or water, 
most of the fission products would be dissipated, and hence should 
bring about little or no deleterious effects. However, circumstances 
might arise, especially in the case of an underwater explosion (0 2.45 
et sep.), in which the radioactive products of fission were spread over 
a limited region. Because of their beta and gamma activity, these 
would be a source of considerable danger to human life, and adequate 
steps would have to be taken to minimize the hazard. 

I n  this chapter there has been given an elementary outline 
of the fundamental principles of the atomic bomb, and a brief intro- 
duction to its physical and biological effects. 
an atomic explosion, and methods of protection, will be treated in 
greater detail in the succeeding chapters of this book. 

1.60 

1.61 

1.62 

These latter aspects of . 

10 Beta particles, i. e., clectrons, and some alpha particles are liberated as part of the instantaneous nuclear 
radiation. The penetrating power of these particles is low, and since they are completely stopped by a 
relatively small thickness of air, they are not considered here. They are important, however, in comection 
with the residual radiation mentioned below (5 1.61). 

883555"-50-3 



CHAPTER 111 

DESCRIPTION OF AN ATOMIC EXPLOSION 
A. INTRODUCTION 

THE NOMINAL ATOMIC BOMB 

2.1 In the treatment which follows, and in fact throughout the 
whole of this book, it will be assumed that the effective energy released 
in the atomic bomb within a short time is roughly equivalent to that 
produced by the explosion of 20,000 tons, i. e., 20 kilotons, of TNT, 
namely, about 2 X calories (0 1.36). This corresponds approxi- 
mately to the energy of the atomic bombs dropped over Japan. As 
stated in Chapter I such a hypothetical weapon will be referred to 
as a nominal atomic bomb. Since there is a possibility that atomic 
bombs with different energy equivalents may be developed, scaling 
laws will be given wherever feasible, so that the effects of any bomb 
of known energy can be calculated from those given for the nominal, 
i. e., 20 kilotons TNT energy equivalent, atomic bomb. 

As seen in 0 1.36, the fission of 1 kilogram of uranium 235 or 
of plutonium should liberate the same amount of energy as the nominal 
atomic bomb. Consequently, if all the atoms present suffered fission, 
1 kilogram of material would be sufficient to  produce the specified 
energy. However, the eaciency in a bomb will be less than 100 
percent, so that some fissionable material, i. e., uranium 235 or plu- 
tonium 239, will remain after the explosion. 

An atomic explosion is associated with a number of character- 
istic phenomena, some of which produce visible effects while others 
are not directly apparent. Certain aspects of these phenomena will 
depend on various circumstances, such as whether the atomic bomb 
is exploded in the air, under water, 'or on the ground. In  addition, 
meteorological conditions, such as temperature, humidity, wind, and 
atmospheric pressure wiU influence some of the observed effects. 

2.4 The description of an atomic explosion given in this chapter 
will refer in particular to the immediate visible effects of the detona- 
tion. Actually no complete observations of all the phenomena have 
been made, and the effects described are based partly on experiment 
and partly on theoretical calculations. 

2.2 

2.3 

1 Material contributed by R. I. Condit, J. 0. Hirschfelder, B. Holzmu, F. Reines, B. R. Suydam. 
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2.5 It d l  be supposed., jn the first place. that the explosion takes 
place in the air, i. e., an air burst, a t  a distance of ahour; 2.00Gfeei 
above the earth's surface. Some of the specid pheaomzxi associated 
viith an underwater burst will be considered later in this chapter. 

I t  was stated in Chapter I that the fission of the uraiiiun; or 
plutonium in an atomic bomb leads to the liberation of a large amount 
cf energy in 2 -rerz small period of time viithin a iimited space. The 
resulting extremely high energy density calises the fission products lo 
h e  raised to a temperature of more that a l,OOO.OOOo C.' Since this 
material. at the instant of explosion, is restzicted to the megioc QCCU- 

pied by the originaI constituents of the bomb. the pressure will also 
b c  ve:y considerable, of the order of hundreds of thousands of atmos- 
pheres. 

2.6 

2.7 Because of the extremely high temperature, there is an emis- 
~ ~ z g c e t i c  radiations. covering a %de range 

ared [thermal) tlirough the Rsible to the 
Much of this radiation is absorbed by the 

tely surrounding the bomb, with the result that the air 
s heated to  kcandescence. III this condition the deto- 

ar, d t e r  a few rn~ l~on ths  of a second, as a 
lumi~ous sphere called the bali of "fire (Fig. 2.7) .  As the energy is 
radiated into a greater region, raising the temperature of the air 
through which it passes, the ball of fire increases in size, but the tem- 
perature, pressure, and luminosity decrease correspondingly. After 
about 0.1 millisecond4 has elapsed. the radius of the ball of fire is 
some 45 feet, a$d the temperature is then in the vicinity of 300,000" C. 
At this instant, the luminosity, as observed at  a distance of 10,000 
yards (5.7 miles), is approshately 100 times that of the sun as seen 
at the earth's surface. 

Under the conditions just described, the temperature through- 
out the ball of fire is almost uniform; since energy, as radiation, can 
travel rapidly between any two points within the sphere, there are no 

and beyond.3 

2.8 

2 This figure may be compared nith a maximum temperature of about 5,0003 C. in a conventional high 

3 The effect of the nuclear radiations, particularly gamma rays and neutrons, which are produced in the 

4 I millisecond, abbreviated to ms., is 0.001 see., i. e., a one-thousandth part of a second. 

explosive bomb. 

Ession process (5 1.59) nil1 not be considered in this chapter. 
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appreciable temperature gradients. Because of the uniform tempera- 
ture the system is referred to as aa isothermal sphere5 which, a t  this 
stage, is identical with the ball of fire. 

Figure 2.7. Test “Able” at Bikini, showing ball of fire and its reflection, the shock 
wave on the surface of the water, and the ring cloud due to  the “cloud-chamber” 
($2.19) effect. 

2.9 As the ball of fire grows, a shock wave (0 1.57) develops in the 
air, and at  first the shock front coincides with the surface of the iso- 
thermal sphere and of the ball of fire. Below a temperature of about 
300,000° C., however, the shock wave advances more rapidly than 
does the isothermal sphere. In other words, transport of energy by 
the shock wave is faster than by radiation. Nevertheless, the lumi- 
nous ball of fire still grows in size because the great compression of 
the air due to the passage of the shock wave results in an increase of 
temperature sufficient to render it incandescent. The isothermal 
sphere is now a regitin of high temperature lying inside the larger ball 
of fire; m d  the shock front is coincident with the surface of the latter, 
which consequently becomes sharply defined. The surface of sepa- 
ration between the very hot inner core and the somewhat cooler, 
shock-heated ‘air i Hed the radiation front. 

5 Since isothermal implies conStunt temperature, this term is rmot really correct; a better expression would 
be homothermal sphere, indicating a uniform temperature. 



Figure 2.10, Qualitative representation of variation of temperature and pressure 
in baii of fire. 
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2.10 The phenomena described above are represented schemati- 
cally in Fig. 2.10; qualitative temperature gradients are shown at  the 
left, and pressure gradients at the right, of a series of photographs of 
the ball of fire taken at various intervals after detonation of an atomic 
bomb. It can be seen that a t  first the temperature is uniform through- 
out the ball of fire, which is then an isothermal sphere. Later, two 
distinct temperature levels are apparent, where the ball of fire has 
moved ahead of the isothermal sphere in the interior. It may be 
noted that the luminosity of the outer region of the ball of fire prevents 
the isothermal sphere from being visible in the photograph. At this 
time, the rise of the pressure to a peak, followed by a sharp drop at the 
surface of the fire ball, indicates that the latter is identical with the 
shock front. 

The ball of fire continues to grow rapidly in size for about 15 
milliseconds, by which time its radius has increased to approximately 
300 feet; the surface temperature has then dropped to around 5,000’ C., 
although the interior is very much hotter. The temperature and 
pressure of the shock wave have also decreased to such an extent that 
the air through which it travels is no longer rendered luminous. The 
faintly seen shock front moves ahead of the fireball (Fig. 2.11), and 

2.11 

Figure 2.11. The ball of fire touching the ground, and the shock front soon after 
The Mach front (53.53), the breakaway in the “Trinity” test at Alamogordo. 

due to reflection of the shock wave, and the dirt cloud ($2.24) are  indicated. 



the onset of this condition is referred to as the breakatmy. The rate 
of propagation of the shock wave is then i~ the vicinity of i5 ,OOO feet 
per second. 

2.12 Although the rate of advance of the shock front decreases 
with time, it continues to  move forward more rapidly than the bail 
of fire. After the lapse of one second, the ball of fire has essentially 
attained its rn-aximum radius of 4.50 ieet. and the shock front is then 
some 600 feeL further ahead. After 10 seconds the baE of fire has 
rise= s?hout 1,XKl feet, the shock ware h2s traveled about, 12,000 feet 
and has passed the region of inaxilvirrn darnage. 

An important feature of an atomic explosion in ab, M-hich 
m-21 b e  considered =ore f.dy in Chapter VI, occurs at ahouf, the time 
of the breeliaxwy of the shock front. The surface temperature falls 
to  about 1 , 7 % ? O  C. snc! then ccnxmmes to rise agai_n_ to a second 
maximum aroar,:! 1G00O C. The mi~imum is reached approximately 
15 . . . ~ ~ i ~ ~ c o n &  &e;- &- re cXplvalOnt -  fie the ~ t i x i l r i i ; ~ ~  is ;ztiai~cd 
abozt 0.3 s e c c d  later. Subsequentl>-, the temperature of the bail 
o€ fire drops sieadGy due to expansion am3 loss of energ>-. 

It is of interest to note that most of the energy radiated in 
2:: ztcmic esplcskc a.p?ears efter the p&hz of ininimurn i;=irninosity 
of the ha2 of fire. Ody  abniit 1 percent of the total is lost before 
thig time, in spite of the much higher surface temperature. The 
expianatio~i of this resul~ lies, of coizi’se, in the fact that the dwation 
of the latter period. i. e., about 15 rrrilliseconds, is verj- short com- 
pared -y:-l:n &e serer21 secemjs dxring which radiation takes place 
after the minimum has been passed. 

2.15 As stated above, the ball of fire expands very rapidly to its 
maximum radius of 450 feet within less than a second from the ex- 
plosion. Consequently, if the bomb is detorlated at  a height of less 
than 450 feet, the ball of fire can actually touch the earth’s s u r f a ~ e , ~  
as it did in the historic “Trinity” test a t  Alamogordo. New hlexico 
(see Fig. 2.11). Because of its low density, the ball of fire rises, like 
g gas balloon, startiDg at rest and accelerating within a few seconds 
to  its maximum rate of ascent of 300 feet per second. 

Bfter about 10 seconds from detonation, when the luminosity 
of the ball of fire has almost died out and the excess pressure of the 
shock m-,t-ave has decreased to virtually harmless proportions, the im- 
mediate effects of the bomb may be regarded as over? The emission 

2.13 

2.14 

. 1  

2.16 

6 The first maximum is the high temperature, over a million degrees, attained almost a t the instant of the 

7 For a bomb detonated over water, this would, of conrse, be the surface of the XTater. 
S The nature of tine shock waves produced by an atomic explosion %-ill he considered in Chapters I11 and 

detonation of the atomic bomb. 

:v; the viible, des:rxtise &cts Kill be described in ChapLers V Ind VI. 
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of gamma rays and neutrons accompanying fission will also have 
ceased by this time: It is true that the fission products present wiU 
still g k e  off beta and gamma rays, but in general they will be far 
enough h m  the earth for these radiations to be absorbed by the air. 
They will, consequently, no longer be able to reach the earth’s surface 
in sufficient intensitLy to constitute a serious hazard. 

2.17 An interesting initial effect’ of an atomic explosion in air, 
although it persists for some time, may be mentioned here. Soon 
after the detonation, a violet-colored glow is observed, particularly 
a t  night or in dim daylight, a t  some distance from the ball of f ie .  
This glow may persist for a considerable length of time, being dis- 
tinctly visible in the column of cloud which forms after the ball of 
fire has disappeared (§ 2.21 ef seq.). It is believed to be the ultimate 
result of a complex series of processes initiated by the action of gamma 
radiation on the nitrogen and o-qgen of the air? 

The brownish or peachlike tint of the cloud which has been 
reported, particularly in the Bikini “Able” airburst, is apparently due 
to nitrogen dioxide. This is a brown gas formed by combination of 
atmospheric nitrogen and oxygen at  high temperatures (0 6.10). 

2.18 

CLOUD-CHAMBER EFFECT I 

2.19 One of the earliest phenomena following an air burst is the 
cloud-chamber e j e c t ,  analogous to that utilized by nuclear physicists in 
the Wilson cloud chamber. It will be seen in 0 3.12 that after it has 
progressed for a short interval of time, a shock wave is, in certain cir- 
cumstances, followed by a rarefaction or suction wave. During the 
compression or shock phase the temperature of the air rises (0 3.12), 
and during the suction or decompression phase it will fall. For a 
moderately low value of the shock pressure the drop of temperature 
in cooling wiU be greater than the preceding rise; the temperature of 
the air will then fall below its original (preshock) value for a short 
period of time during the suction phase. If the air is saturated, or 

9 The intense gamma radiation accompanying the fission process, as well as that emitted by the fission 
products, causes ionization of the nitrogen and oxygen of the air (0  7.18). After a short time, the positive 
and negative ions unite and in doing so release a large amount of energy. This energy is utilized for the 
breaking of chemical bonds in the air molecules, so that a mixture of nitrogen and oxygen atoms is formed. 
In addition, some a t o m  are produced bx the direct action of the gamma radiation on the molecules. When 
these atoms recombine, the energy liberated is transferred to nitrogen or oxygen molecules, as energy of 
excitation. The excited molecules then return to their normal states by emitting energy in the form of 
visible radiation in the violet region of the spectrum. This constitutes the observed violet glow. These 
effects have long been known in connection with the study of the so-called “active nitrogen,” and in the 
auroral glow due to excited oxygen molecules. 



nearly saturated, with rrater vapor, condensation, accoqxmied by 
cloud formation, 5-21 occur in these circumstances (Big. 2.19). 

Figure 2.19. The ball of fire .\-isible m-ithin the ‘.cloud-chamber’’ eflect after the 
Bikiiini “Able” explosion. 

2.20 The water-drop cloud actuaily forms a t  some distance from 
the baX of &.e, because the shock wave has to travel a considerable 
distance before the pressure at the shock front has fallen suE’iciently for  
the conditions necessary for condensation to be realized. For exam- 
ple, air which is fully saturated with water vapor d 1  form a cIoad at 
a distance in the neighborhood of 2,500 feet from a bomb burst. 
Because of the necessity for relatively high humidity of the air, the 
cloud-chamber effect can be best obscrved in an atomic explosion 
occurring over or under water, for example, in the experimental bursts 
a t  Bikini. Restoration of the air pressure causes the water droplets 
to vaporize and the cloud is dispelled, the whole effect being over in 
about a second or so. 

ATOMIC CLOUD EFFECTS 

2.21 There remain now to be considered what may be described as 
the residual effects of the atomic explosion, some of which, like the 
characteristic mushroom-shaped cloud, are merely spectacular, but 
others zre z pssible source of dmger. D%!e t h e  ball of fire is sti!! 
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luminous, the temperature, a t  least in the interior, is high enough to 
vaporize all the substances present, namely, fission products and 
unchanged uranium or plutonium, as well as the materials used for 
the casing of the bomb. 

2.22 Because of its high temperature, and consequent low density, 
the ball of &e rises, as stated above, and as it rises it is cooled. At 
temperatures down to about 1,500’ C. the cooling is mainly due to  
lobs of energy as thermal radiation; subsequently, the temperature is 
lowered as a result of adiabatic expansion of the gases and by mixing 
with the surrounding air through turbulent convection. When the 
ball of fire is no longer luminous, it may be regarded as a large bubble 
of hot gases r i s i n g  in the atmosphere, its temperature falling as it 
ascends. 

2.23 As they cool, the constituents of the bubble condense, thus 
forming water droplets and a metallic oxide smoke made up of solid 
particles of varying sizes. If the bomb is detonated at  a low altitude, 
e. g., less than 500 feet, so that the ball of fire touches the ground, a 
considerable amount of dirt, steel or other material located in this 
area will be vaporized and taken into the ball of fire.1° Small solid 
particles of these materials will also separate out as the gas bubble 
cools. 

2.24 Depending on the height of burst of the atomic bomb and 
on the nature of the terrain, high winds will occur in the immediate 
vicinity of the explosion. These, together with the air blast due to 
the shock‘ wave, wiU cause various amounts of dirt and other particles 
from the earth’s surface to be sucked up. In  the event of a crater 
being formed, as it was in the Alamogordo (“Trinity”) test, con- 
siderable quantities of dirt will be present (Fig. 2.11). But it appears 
unlikely that there will be any appreciable crater formation for the 
explosion of a nominal atomic bomb at heights exceeding 250 feet. 

At first the rising ball of fire carries the particles upward, 
but after a time they begin to fall, under the influence of gravity a t  
various rates dependent on their size. Consequently, an ascending 
and expanding column of smoke is observed to form; it consists of 
water droplets, radioactive oxides of the fission products, and more 
or less debris, largely determined by the height of the explosion. The 
rate of ascent depends on various meteorological conditions, as will 
be seen below, but the results in Table 2.25 may be taken as fairly 
typical. “ 

2.25 

10 The energy required to heat up and vaporize sand, which may be taken to be representative of soil 
material, is 2,700 calories per gram. Consequently, if 5 percent of the bomb’s energy is used in vaporizing 
soil. about 360 tons of this material wodd be added t o  the gaseous constituents of the ball of fire. 
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m l A B L E  2.25 

EATE OF RISE OB ATOMIC CLOCD 

Height, Time, Rate of rise, 

10.000 0. 8 -200 
is. OF6 1. 5 -50 
2!2, nnc 2 . 5  - 33 
25,000 4. 6 N 20 
30, GOO 8. 5 N i 2  

jeei minutes miies per hour 

_ -  

2.26 The height to  which an atomic cloud will rise depends on the 
thermal (heat) energy emitted by the bomb, the temperature of the 
surrounding air. and the density of the air. The greater the energy 
liberated as heat. the larger d l  be the buoyancy thrust on the rising 
cloud. and hence the greater wili be the distance it ascends. It is 

be limited by the beighL of the base of the stratosphere. This is 
apparently in agreement with the observrtion 011 the ‘’ Tri~iq-” rest 
bomb at Xlamogordo, Xew Mexico. for the cloud in this case rose 
to 4t0,OOO feet. 

If the radioactive cloud &odd pass through 5 temperature 
iarersion layer li in the atmosphere, it itill tend to *‘mushrooin” out 
to a small extent. Because the &- in the inx-ersion layer is fairly 
stagnant. some of the particles in the cloud wiil tend to spread out 
~ a r i z o n t d y  - kstead af cantinuin@ 0 ta xave rer,l.ticaEy. I\ evertheless, 
as a result of the enormous thermal eriergy of the hot gas bubble, 
most of the cloud will usually pass through an inversion layer. 

Upon attaining a region where the density of the gas bubble 
is the same as that of the surrounding air, or upon reaching the base 
of the stratosphere, at  about 40,000 to  60.000 feet, where the tempera- 
ture of the atmosphere is almost constant and there is practically no 
motion due to convection, the radioactive column d l  spread out 
for a distance of several miles and form the characteristic mushroom 
shaped cloud (Fig. 2.28). The latter, having reached the final stage 
of its development, remains visible for an hour or more, until it is 
dispersed by the minds into the surrounding atmosphere. 

believed that t l l e  ~a&wAuF- !lei&: stttaioable by fir- f i tcec  eload -.Til! 

2.27 

-- 

2.28 

THE FALL-OUT 

2.29 When the radioactive, metallic oxide particles in the cloud 
collide with the particles ‘of dirt, which are in general considerably 

11 I t  an inversion layer the temperature, which has been falling with increasing altitude, begins to increase. 
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Figure 2.28. Mushroom cloud attaining a height of 5 miles after the “Able” test 
explosion. The ice cap or scarf cloud at  the top consists of myriads of small 
ice crystals; the gases above the mushroom expand and are consequently 
cooled, thus causing water vapor in the atmosphere to be converted into ice. 
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larger, they adhere. Consequently, t h e  dirt particles in the cloud 
become contaminated with radioactivity. l h e n  the violence of the 
disturbance due to  the bomb has subsided, the contaminated dirt 
particles gradudly fall Sack to earth. giving rise to  the phenomenoa 
knomi as thc sfuZl-out. The extent and nature of this fall-out d l  
be determined by the combination of circumstances 2mociated with 
Ldt. hc-isuI cII L i l t  eapiusloll, iq-itli tLc i1htui-e of iiie bI-irlPaw beneath. 
and xith the meterorological conditions. I t  is possible that if the  
height of the bomb bursr exceeas a certain value, there d l  b e  no 
detectable fall-out since no extraneous particles will be sucked into 
the cloud. 

2.30 Thc impo;tar,cc e? %he fail-our in the presenr dkcilssion lies 
ili its iadioacttvitj-. It ma>- be stated at the outser rhar only in ex- 
ceptional circumsrances  odd the intensity of the activity be great 
enougli to consr_imre a hazard upon rezching :he ground. The eri- 
dence from the Biroshima and Sagasaki atomic bomb explosions. 
where die heighi of burst  vas about 2,GOO feet, is thar casualties ascrib- 
able to the radioactive fail-out vi-ere completely absent. Hox-ever, 
if the bomb burst occurred relativelp dose to the ground. a situation 

L of The destrrrcri..-e 
( 5  3.68). and cc~side:*able am0;1:ltj of dirt 2nd other debris 

m-ere sucked into the radioactive cloud, the fall-out TT-OUICI have to be 
considered as a danger. The fall-out, consisting mostly of water 
drops. 1%-oulci also be important if rhe detonation took piace at a lo=- 
level aboi-e the siirfacc of i-izzter; an& the pi esence of salt in the water 
t w d d  enhance the hazard ( 5  8.25). 

il. 1 ":?.La -2 L L  - ----1--: -- 

effect 

ATOMIC BOMBS AND THE TESTHER 
2.31 There was at one time considerable speculation concerning 

the possible effects on the n7eather of an atomic burst, especially one 
over water. Forecasts of violent weather reactions were based pri- 
marily on two considerations. First, it was thought that large 
amounts of moisture in the air, such as is common in tropical areas, 
together with the water expected to be evaporated from the surface 
of the water, wodd be conducive to thunderstorm formation conse- 
quent upon the release of a large amount of energy by the expiosion. 
Second, there was a possibility that the high concentration of ionized 
particles resulting from the atomic expiosion would serve as nuclei 
for condensation and thus promote the production of clouds and rain- 
fall. 

1% The fission produds arc themselres ionized, i. e., electrically charged, and they, as well as the Wmma 
rays, cause Ionization of the alr through which they pass. 
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2.32 Actually no such effects have been observed, and this is not 
surprising in view of the mechanism of the formation of a thunder- 
storm. Such storms require the transport aloft of moist masses of 
air by convection, or by mechanical lifting by fronts for a period of 
time, over relatively large areas, together with the existence of an 
appropriate vertical moisture structure. Convection caused by the 
warm land areas or the lifting of air masses by ascent over a high ter- 
rain or a front continues even after the storm has developed. A n  
atomic explosion involves an almost instantaneous release of energy, 
and convection ceases as the hot gas bubble cools down on ascent 
and reaches its maximum altitude. ‘An atomic bomb is therefore 
unable to produce convection of the sustained type necessary for thun- 
derstorm formation. Even if the atmosphere is on the verge of in- 
stability, the sudden impulse of an atomic explosion cannot precipi- 
tate a thunderstorm because the energy release is so rapid that the 
atmosphere is unable to rearrange itself, within the limited time, so 
as to  take advantage of the additional energy. 

It is, of course, a well known fact that gaseous ions can act 
as nuclei for the condensation of water vapor, but quite a high 
degree of supersaturation is necessary before such condensation can 
occur. Actually the atmosphere always contains sufficient nuclei for 
condensation, and this is particularly so over the ocean where hygro- 
scopic salt particles are present. Hence, the ions produced in the 
atomic explosion would not make any significant contribution to the 
condensation process. 

The suggestion has been made that certain destructive, nat- 
ural phenomena, such as hurricanes, tornadoes, or cold waves, could 
be dispelled by a sudden release of the large amounts of energy pro- 
vided by an atomic bomb. But it is very doubtful if this could be 
done, because the amounts of energy that appear to be necessary are 
of a higher order of magnitude than those at  present attainable. 

Intermittent rain fell after the explosion of the atomic bomb 
over Hiroshima. This was due, indirectly, to the widespread fires 
which sustained convection for a considerable time after the explo- 
sion (0 6.80). A similar phenomenon has been noted, under suitable 
air mass conditions, over large forest fires and over burning European 
cities during World War IT. 

2.36 Within 2 or 3 hours after the Bikini ((Able” air burst, very 
small, light rain showers developed throughout the northern Marshall 
Islands. The rain falling’in the path of the radioactive cloud was 
active, as might have been expected, bFt the .amount of radioactivity 
was very small. Some attempt was made to relate the formation of 

. 

2.33 

2.34 

2.35 
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& o ~ p r s  n-ith the atnmic cjoi~d. 3 ~ k  &;~*;ers m-ere grnr-i- mirii- 

"'J 

spread and were readily explained on the basis of the existing meteor- 
ological conditions. The radioactivity of the rain \vas the result of 
radioactive particles falling into the rain clouds, which were less than 
6,000 feet high, or to the presence of such particles in the air which 

the &raps of rr;n. The of +Ln  R'l-:-; bccrme ettachec? to   vu^ u l n r i i i  

I6  Ab!!? test shorn that the od>- Cietecteble chacges ~I-hlch tG& place 
in the wind or atmosphere structure were the momentary effects of 
the blast and heat waves, and the violent changes occurring in a 
limited area in the ricini'cy of the burst. The main cloud pattern 
over the lagoon was unchanged, apart from the clouds directly asso- 
ciated with the explosion. A careful examination of all the available 
evidence would t h a  lead to the  conclusion that an atomic bomb 
b-ast has a negligible effect on the weather. 

Z.c i7  Then an atomic bomb is 
nomena observed differ. as might be anticipated, f r o x  those described 
above for an air burst. Although xhere are certain characterisiie 

of the m-ater and the distance beiow the surface a t  x7hich detonation 
occurs. So far, o d y  one underwater atomic burst. namely. the Bikini 
"Raker" test, bas been reported. The burst m-as made well below 
the surface of the lagoon, x-hich \\-as about 200 feet deep. From Dhe 
results of this test many of the effects of a deep underwater burst 
can be inferred. 

In the underwater detonation, a ball of fire is undoubtedly 
formed, as in the case of an air burst. Observers of the "Baker', 
test at Bikini saw the ivater, in the vicinity of the  expiosion. iighted 
up by the luminosity of the ball of fire. The distortion due to the 
waves on the surface of the lagoon prevented any clear view of the 
ball, the general effect being described as having the appearance of 
light seen though a ground-glass screen. The luminosity remained 
for a fern- milliseconds, but it disappeared as soon as the bubble of hot 
gases constituting the ball of fire reached the water surface, for then 
the gases --ere expelled and cooled. 

In the course of its rapid expansion the gas bubble, which 
nom contains steam and its dissociation products, namely, atomic 

effects, the details 3'0,ld zsdsr;bted!y vary with the depth and ares, 

2.38 

2.39 
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hydrogen and oxygen, in addition to the fission residue, initiates a 
shock wave. The trace of this wave, as it moves outward from the 
burst is evident, on a reasonably calm surface, as a rapidly advancing 
ring, apparently darker than the surrounding water. This ring, 
sometimes called the slick (Fig. 2-39), is visible in contrast to  the 
undisturbed water because the ripples or small waves are partially 

Figure 2.39. The “cloud-chamber” effect observed after the underwater 
(“Baker”) explosion at Bikini. The slick, due to  the shock wave, can be seen. 

calmed by the reflection of the shock wave as a rarefaction (suction) 
wave at  the surface of the water. 

That part of the shock which passes into the air through the 
water surface causes a compression of the moist air; when this is fol- I 
lowed by ft rarefaction (suction) wave, the conditions may become 
favorable to  the formation of the cloud-chamber effect ( 0  2.19). 
This is illustrated by the dome-shaped cloud formed over Bikini 
lagoon almost immediately after the underwater (“Baker”) burst 
(see Fig. 2.39). 

2.40 
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2.41 Foiioni~ng the appearance of the slick, a mound or C O ~ I L ~ L Z  

of broken n-ater and spray, called the spray dome (Fig. 2.41), is th rorn  
up directly over the point of the burst by the reflection of the blast 
TWVC at the surface. The initial velocity of the water is proportima1 
to the pressure of the incident shock Ti-are. and so it is greatest di- 

Figure 2.41. The spray dome follomiiig the "Baker" explosion. 

rectly over the explosion. Consequently, -rater throvn up over the 
center rises more rapidly and for a longer h i e  than water farther 
am-ay. $s a result, the sides of the spray dome become steeper as 
the water rises. Its upward motion is terminated by the effects of 
gravity and the resistance of the air. The total time of rise and 
maximum height attained depend upon the energy of the explosion 
and upon its depth below the surface. For a very deep burst the 
spray dome may not be visible at all. 

If the depth of detonation of the bomb is not too great, the 
bubble of hot gases will remain essentially intact until it rises to the 
surface of the water. At this point the gases, in the form of a jet, 
carrying some water by lateral entrainment, will be vented to the 
atmosphere. As the pressure of the bubble is released -n-ater rushes 
into the cavity, and the consequent complex phenomena cause the 

2.42 

S S 3 3 3 3 " - 5 0 4  
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water to be thrown up as a hollow cylinder or chimney of spray 
known as the plume (Fig. 2.42). The radioactive contents of the 
gas bubble are vented through this hollow plume and form a mush- 
room-shaped cloud at the top. 

Figure 2.42. Formation of the plume (column) in the “Baker” test. 

2.43 In the shallow underwater burst a t  Bikini the conical spray 
dome began to form at about 4 milliseconds after the explosion; its 
initial rate of rise was some 2,500 feet per second, but this was rapidly 
diminished by air resistance A few milliseconds later, the hot gas 
bubble reached the surface of the lagoon and the plume began to 
form, rapidly overtaking the spray dome at a height of a few thous- 
and feet. The maximum height attained by the hollow plume, 
through which the gases vented, could not be estimated exactly be- 
cause the upper part was surrounded by cloud. (Fig 2.43). It was 
probably some 8,000 feet, and the greatest diameter was about 2,000 
feet. It is estimated that the maximum thickness of the walls of the 
plume was about 300 feet, and that approximately a million tons of 
water rose in the plume. 

The cloud, which concealed a large part of the upper portion 
of the plume, resembled a cauliflower, rather than a mushroom, in 

’ 

, 

2.44 
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shape. It, contained. some of the fission products and other b o d  
constituents. as well as water droplets. In  addition, there is evidence 
that material sucked up from the bottom of the lagoon mas also 
present. for calcareous sediment. which must have been part of the 
fall-out. was found on the decks of ships some distance from the burst. 

Figure 2.43. The mushroom cloud and first stages of thc hasc surgc ($2.45) 
JTater is beginning to folion ing The underwater (“Baker“) explosion at Bikini. 

fall back froin the calurnri iiito the lagoon. 

THE BASE SURGE 

2.45 In the Bikini “Baker” test, it was observed that as the 
column of mater and spray constituting the plume fell back into the 
lagoon, there deveioprci, on the surface at  the base of the coiumn, a 
gigantic wave or cloud of mist, approximately 1,000 feet in height, 
completely surrounding the neck of the plume (Fig. 2.43). This 
wave began to form m-ithin about 10 seconds of detonation, and 
traveled rapidly outward, maintaining an ever-expanding doughnut- 
shaped form. The wave or wall of dense mist, much like the spray 
at  the base of Iiagara Falls or other waterfall of considerable height, 
represents the initiation of what is known as the base surge. It is, in 
effect, a dense cloud of liquid droplets which has the property of 
Bowing almost as if it were a honiogeneous Buid (Fig. 2.45). 
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Figure 2.45. The base surge developing after the “Baker” test. 
I \  

2.46 As the base surge a t  Bikini iraveled outward a t  high speed, 
it gradually lifted from the surface of the lagoon and after about 5 
minutes it had assumed the appearance of a mass of strato-cumulus 
cloud, which eventually reached a thickness of some thousands of 
feet (Fig. 2.46). A moderate to heavy rainfall, moving with the wind 
and lasting for nearly an hour after the atomic bomb explosion, devel- 
oped from this cloud mass. In  its early stages the rain was aug- 
mented by the small water droplets, equivalent, in a sense, to the 
fall-out of an air burst (§2.29), still descending from the cloud. 

Were it not for the fact that the base surge is highly radio- 
active, due to the presence of fission products, it would represent merely 
a curious phenomenon. Because of its radioactivity, however, which 
is augmented by that of the water droplets in the fall-out, it may 
represent a serious hazard, for a distance of several miles, especially 
in the downwind direction (Chapter VIII). 

2.48 It is of interest to note that there are reasons for believing 
that the base surge can be produced only in fairly deep water. It may 
be significant that, except for the Bikini test, base surges have not 
been definitely observed in connection with large explosions in water, 

2.47 
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such as that a t  Texss City in 1947. The conditions for the iormation 
of a base surge, and the associated hazards will be considered more 
fully ir: later chapters. 

In  the event of a sufficiently deep underwater atomic burst. 
the hot gas bubble m-oald lose its identity in a mass of turbulent tx-ater 
bcfore reaching the surface and venting to the atmosphere. In this 

vxdd  be formed. Hence there would be n o  forp-ation of a base surge 
and no appreciable fall-out. The disintegration of the gas bubbie 

2.49 

case, the spl&y doills j7-o-& be ie:ati-ie:y hlsigilificail$ no 21ufile 

Figure 2.46. Later stage in the derelopment of the base surge cloud at Bikini. 

into a large number of very small bubbles, Lvhich are churned up with 
the waLer, would produce a radioactive foam or hoth. T n e n  this 
reaches the surface, a snall amount of radioactive mist would be 
emitted, but most of the activity mould be retained in the sea m-ater. 
The deposition of the highly active foam on a nearby shore might, 
however, represent a hazard. 

It seems possible that a base surge, made up of small solid 
particles, rather than droplets of water, but still behaving like a 
fluid, might result from an atomic bomb burst below a soft terrain; 
consisting of sand or mud. The debris would, of course, be very 
radioactive. 

2.50 
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2.51 In considering the phenomena associated with an atomic 
bomb explosion, as described in this chapter, no mention has been 
made of the destructive effects of the shock wave when it encounters 
structures on land or ships on the surface of the sea. Further, the 
harmful consequences of exposure to the radiations, both thermal and 
nuclear, emitted from the ball of fire, and the possible hazards due to 
fall-out and base surge have been no more than indicated. These 
subjects will, however, be treated in some detail in subsequent chapters 
of this book. 



CHAPTER 1111 

SHOCK FROM AIR BURST2 
A. INTRODUCTION 

3.1 The shock wave produced by an sir-burst atomic bomb is, 
from the point of view of weapon delivery and disruptive effect, the 
most important agent in producing destruction. This implies that the 
other characteristics of ac atomic bomb which can be employed in 
w&rf&re, such as the preseme of therxa! and visible radiations, neu- 
trons.gamma rays, and fission products, are, a t  present, not serious com- 
petitors in the production of damage by a bomb which is burst in the 
air. There are of coarse other applications, such as the possible use 
of an atomic weapon as an instrument for radiological warfare by 
exploding it in a conveniently located body of water, so as to pdduce 
a. base surge (0 2.451, or in restrickkg the escape of the fission products 
by means of a subterranean explosion. The bomb might also be 
employed to produce earth or water shock through a subsurface 
explosion. Such uses, although potent, must, because of the restric- 
tive conditions placed on the delivery problem and the target location 
and configuration, be regarded as special applications of the varied 
destructive characteristics of the atomic bomb. 

A reason for the superiority of air blast as a producer of damage 
is found in the low air shock pressures (from 2 to 15 pounds per 
square inch overpressure) required to damage the majority of man- 
made structures. Judging from observations made during tests of 
atomic weapons, it is in fact not very difEcult to design atom bomb- 
proof structures which will enable life to survive directly below an 
air burst bomb set to explode at that altitude, about 2,000 feet, which 
will generally s&ce to cause maximum area damage. It is, of course, 
another matter to redesign cities t,o withstand these blasts. Because 
of its primary importance in atomic warfare, the subject of air blast 
has received more intensive investigation and, in consequence, is 
better understood than the other characteristics of a nuclear explosion. 

3.2 

1 Material contributed by F. Reines. 
2 For a discussion of the theory of shock waves, see R. Courant and K. 0. Friedrichs, “Supersonic Flow 

3 Ordinary atmospheric pressure at sea level is about 14.7 pounds per square inch (p. s. i.). The over- 
and Shock Waves,” Interscienee Publishers, he. ,  N. Y. ,  1948. 

pressure is the pressure in excess of that due to the atmosphere. 
45 
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3.3 The formation of the shock wave in an atomic explosion and 
its propagation, at first coincident with and then in front of the ball 
of fire, was described briefly in Chapter 11. It may be noted that the 
resulting air blast is still strong enough after 10 seconds, a t  about 
12,000 feet from the explosion, to  break windows, but after 30 seconds, 
a t  about 36,000 feet, almost all of its energy has been dissipated. The 
behavior of the shock wave on the ground, during the half minute of 
its existence and when it exerts its destructive effect, is of great im- 
portance for both 'offensive and defensive purposes. I t  is this aspect 
of the shock wave resulting from an air burst which will be considered 
in the present chapter. The nature and type of destruction that 
might be expected as a result of the accompanying blast will be 
described in Chapter V. 

B. CHARACTERISTICS OF THE SHOCK WAVE IN AN 
INFINITE HOMOGENEOUS ATMOSPHERE 

DEVELOPMENT OF SHOCK WAVE 

3.4 No satisfactory detailed theory of the formation and evolution 
of the blast wave has been developed, although various approxima- 
tions have been studied which, when coupled with experimental re- 
sults, make up a reasonably complete description. The qualitative 
discussion which follows is intended to give a picture of the develop- 
ment of a blast wave from an atomic bomb which is exploded in an 
infinite homogeneous atmosphere. An examination of the effect of 
the proximity of the bomb to the ground will be reserved for a later 
section ( 0  3.68). 

Consider a small region in space which has been heated to a 
high temperature, say 100,OOOo C. At the boundary of this region 
is a shock wave which propagates outward as the region expands. 
The flow of material through the shock front is described by the 
Rankine-Hugoniot conditions which result from the conservation laws 
for energy, momentum, and m a s 4  These are important as boundary 
conditions in any analytical solution, and they also provide useful re- 
lationships between shock velocity, shock pressure, mass velocity, etc. 

Initially, in the hot central region of the bomb 'the pressure 
exceeds atmospheric by perhaps a factor of many hundred thousand. 
As the shock front moves outward and the hot region grows in volume, 
it takes in air from outside of the shock front and drops in temperature 

3.5 

3.6 ' 

4 See R. Courant and K. 0. Friedrichs, op. cit. 
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and pressure. The pressure distribution behiad the shock froat in 
the very early stages is somewhat as illustrated in Fig. 3.6, which is 
a plot of the pressure against the distance from the center of the hot 
sphere at a gken time. It shows the pressure;at the shock front, 
indicated by ps ,  dropping rapidly in a relatively small distance to a 

DiSTARICE 

Figure 3.6. Variation of pressure with distance in a shock x-ave at a given instant. 

value about one-half the shock-front pressure. The ratio of the shock 
pressure to that in the interior then remains constsant throughout the 
hot region. 

Because of the Hugoniot conditions and the change in the 
equation of state of air as the shock pressure decreases, the pressure 
distribution in the region behind the shock front gradually changes 
as the expansion proceeds. The pressure ratio is no longer constant 
but drops off continuously as the center is approached. Eventually 
at large enough shock radii, the rarefaction which develops at  the 
center causes a drop in pressure below the initial preshock value and 
a suction phase develops. The shock front weakens as it progresses 
outward and, as may be deduced from the Rankine-Hugoniot condi- 
tions, its velocity drops toward the velocity of sound in the initial 
cold air.j At the same time the areas of the positive (compression) 
and negative (rarefaction) phases become more nearly equal because 
of conservation requirements imposed on the net outward movement 
of the shocked air. 

3.7 

5 For the change of shock velocity with distance, see Fig. 3.13~. In general the shock velocity exceeds that 
of sound in the shock front by an amount approaching the materia! velocity, i. e., of the sir in the present 
case. 
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3.8 The net outward motion of the air comprising the shock can 
at most be equal to the thermal expansion suffered by the air because 
of t,he irreversible shock heating it has undergone. As an example, 
the surface of a spheFe of 1,000 yards radius, i. e., about 4x1 O9 cubic 
yards in volume, heated uniformly by a nominal atomic bomb (3 2.1), 
would move outward 20 yards. This value for the net thermal expan- 
sion is to be compared with the maximum outward excursion ol about 
100 yards for shocked air originally a t  this radius. In other words, 
the shock drives the parcel of air out 100 yards, in the positive phase, 
and it returns in the negative phase to within 20 yards of its original 
position. 

3.9 The sequence of events just described for increasing times 
from tl to t6 is depicted in Fig. 3.9; this shows the pressure distribution 

DISTANCE FROM BOMB 
Figure 3.9. Shock pressure-distance curves at successive times, increasing from 

i!l t o  0. 

in the shock as a function of the distance from the explosion at different 
stages in the expansion. The absence of a negative phase out to a 
certain distance is apparent; however, it forms later and, as the shock 
weakens, approaches in area that of the positive phase. At distances 
greater than 1,500 feet the negative pressure or the suction phase is 
well developed and the pressure distribution in the shock wave resem- 
bles the heavily-drawn curve in Fig. 3.9. 

3.10 A more detailed description of the shock wave as it appears 
from this time on can be given in two different ways. In Fig. 3.10, 
the heavy curve of Fig. 3.9, showing the variation of the shock over- 
pressure with distance at  a given time, is redrawn. The arrows above 
the curve show the direction of the 'air-mass movement, that is, of 
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a 
w > 
0 

0 

a 

the blast wind. The spatial extension of the positive phase is indicated 
by b; the magnitude of this extension is important in considering the 
damsge caused. In  general, the peak pressures reached in the positive 
phase, a t  the head of the blast wave, are higher than the pressures 
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I 
1 

x -  
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DISTANCE FROM BOMB 
Figure 3.10. Shock pressure-distance curve at a given instant, showing positive 

tisd negative phzses. 

reached anywhere during the negative phase. Consequently, the 
blast wind is of higher velocity and shorter duration in the positive 
phase than in the negative or suction phase. 

The same shock wave may be considered, alternatively, by 
plotting the variation of the overpressure with time, a t  a fixed location, 
as in Fig. 3.11. The symbol 7 represents the time taken for the shock 
wave to travel from the explosion to the chosen location, and t+ is the 
duration of the positive phase. Because the velocity of the shock is 

3 .  i 1 

Figure. 

Y 
0 
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TIME AFTER EXPLOSION 
3.11. Shock pressure-time curve showing positive and n egative phases. 
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related to the peak overpressure by the Rankine-Hugoniot 
the time of arrival T may be derived from a curve which gives the 
variation of peak overpressure with distance. At the 10 pounds per 
square inch overpressure level the spatial extent of the positive phase 
is in the neighborhood of 1000 feet, and its duration is something of 
the order of 0.5 second; the negative phase, however, lasts a few 
seconds.6 

3.12 Certain other characteristics, for example, the temperature 
variation of the air a t  a given location as the shock wave passes 
through (see Fig. 3-12), are also of interest. When the shock front 
strikes the air, its temperature rises practically discontinuously to a 
value related to the pressure by the Rankine-Hugoniot conditions. 
An adiabatic expansion occurs behind the shock front so that the 
temperature-time sequence at a ibed location is related to the pres- 
sure-time-distance characteristics. An examination of Fig. 3.12 
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Figure 3.12. Temperature-time curve in shock wave. 

shows, fht, that the temperature returns to its preshock value 
(time t;) after the pressure has done so (time t+) ; and, second, that, 
the minimum in temperature does not coincide in time with the 
minimum of pressure. It will be seen, too, that after the shock wave 
has passed, i. e., after the pressure has returned to normal, the tem- 
perature is slightly above its preshock value. The latter result is a 
consequence of the irreversible heating which occurs in the shock 
front. Because of the decrease of temperature below ambient in the 

6 As in an underwater explosion, successive secondary shocks might be expected as the air m a s  oscillates 
(5  4.22). Such shocks should be much weaker and have in fact not yet been observed. 
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region of the minimum, the striking phenomenon of the condensation 
of water vapor in the a+, known as the cloud-chamber effect, is 
observed, as described in 0 2.19. 

A complete summary of the variation with distance and 
time of the pressure due to  a shock wave in an infinite homogeneous 
atmospbere, derived from experimental and theoretical sources, is 
given in Fig. 3.13~~: The change of peak pressure W;_th distance 

3.13 

DISTANCE ( f t . 1  

Figure 3.13a. Total pressure-time-distance diagram for shock wave in infinite 
. homogeneous atmosphere. - 

from the bomb is depicted in Fig. 3.13b; this is of interest since, as 
will be seen later, the damage and peak pressure are very intimately 
related. In Fig. 3 . 1 3 ~  the shock, sound and material velocities associ- 
ated with the peak pressure in the shock front are shown as functions 
of distance from the explosion, and Fig.3.13d gives the peak temperature 

7 Because the pressure scale is logarithmic, the total pressure rather than the overpressure is plotted, 
since the latter is negative in the rarefaction phase. 
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behind the shock front in terms of the same variable. In Fig. 3.13e 
is plotted the duration of the positive phase of the shock wave, also 
against the distance. ’ Fig. 3.13f presents another special feature of 
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DISTANCE FROM BOMB ( f t . )  
Figure 3.13b. Peak overpressure in shock wave as function of distance from 

atomic explosion in infinite homogeneous atmosphere. 

Fig. 3.13a, namely, the time of arrival of the shock as a function of 
the distance from the source. It can be seen that, as expected, the 
slope of this curve approaches the velocity of sound as the shock 
weakens. 
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Figwe 3. ?3c. ,Materia!, shock and sound veiocities immediateiy behind 
front as functions of distance in infinite homogeneous atmosphere. 
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Figure 3.13d. Temperature at shock front as function of distance in infinite 
homogeneous atmosphere. 
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. Figure 3.13e. Duration of positive phase of shock wave as function of distance 
in infinite homogeneous atmosphere. . 

Figure 3.13f. Time of arrival of shock front as function of distance in infinite 
homogeneous atmosphere. 
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3.14 Fortunately for the simplicity of the discussion, it is possible, 
given the above set of characteristics for the nomina! atomic bomb 
explosion, to derive, by means of s c a h g  lam-s, sizilar quantitative 
characteristics which apply to atomic explosions in general. The 
existence of simple scaling lams depends on the hydrodynamical 
equations which apply LO shock waves. From these it is possible to 
show that two explosions, having the same initial conditions, differ 
only with respect to  a scaling factor applied to bot8h distance and 
time.g 

3.15 It is, of course, necessary to  prove, in addition, that two 
different atomic bombs, having different, masses and constitutions, 
will in fact scale. The success of scaling in the case of atomic bombs 
is due primarily to the high concentration of energy which they 
produce. This means that, %!theugh in the very early stages in which 
the bomb masses are comparable with the air, the two explosions are 
dissimilar, these masses soon become negligible with respect to  the 
mass of air engulfed by the shock wave. The two systems may then 
both be considered, with reasonable precision, to hare originated 
from a point source or, more correctly, from small isothermal spheres 
which have been generated by the intense heating of the air by t he  
bombs. The validity of the scaling procedure has been studied 
theoretically and the solutions do, in fact, become more amenable to 
scaling as the shcck fronts expand. 

On the basis of :he foregokg arguments, the state variables, 
i. e., pressure, temperature, and density, can be written as functions of 
radial distance ( r )  and time ( t )  for any atomic explosion, once they are 
given for a specific atomic explosion, by scaling all distances and times 
by the ratio of the energy yield or energy release (W) of the explosion 
under consideration to that of the reference explosion raised to  the 
36 power. Thus, 

3.16 

(3.16.1) 

8 A discussion of the scaling laws for chemical explosives is given by R. H. Cole, “Underwater Explosions,” 
Princeton University Press, Princeton, X. J., 1948. 

Q The behavior of atomic bombs as regards shock is compared with that of a conventional Th-T bomb. 
This comparison is reasonabie, since both produce blast, and the destructiveness of Th‘T bombs is well 
documented. However, because of the enormously greater energy density present .in an atomic explosion, 
the blast characteristics of the latter are somewhat different from those of a quantity of TNT with the same 
energy refease. In the &-st place it seems that, on the average, less energy goes into blast for an atomic 
explosion. Further, if the peak pressure-distance curves for T S T  and for an atomic bomb of the same 
energy release match at 10 pounds per square inch, the pressures at smaller distances are greater for the 
atomic weapon, while at larger distances they are greater for TXT. 

SS3865”--50--5 
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and (3.16.2) 

where Wo, r,,, and t,, apply to the reference explosion, which is the 
nominal atomic bomb in the present case. 

A useful concept to introduce at  this point i s  that of “similar- 
ity” or “corresponding states.” Two explosions may be said to be in 
similarity or in corresponding states when the state variable contours 
are the same except for a radial scale factor. This means, for example, 
that the peak overpressure is a universal function of a variable equal to 
(r/W’). I t  follows, therefore, that if a bomb with an energy release 
equivalent to 20 kilotons of TNT produces an overpressure of 10 
pounds per square inch at  a distance of 2,500 feet, a 30-kiloton equiva- 
lent bomb will produce the same overpressure at a distance of 2,500 X 
(30/20)%=2,860 feet. 

3.18 The quantitative curves given in earlier sections have been 
derived partly from measurements and partly from theoretical calcu- 
lations. Unfortunately, a t  present, neither theory nor experiment 
alone provides a complete and reliable picture. With respect to experi- 
ment, for example, free air measurements of the peak overpressure 
have not yet been made because of the difficulties attendant on the 
placing of detectors. Consequently, it  has been necessary to deduce 
the curve for the variation of the free air pressure with distance from 
data obtained on the ground from an air burst. This procedure has 
the unsatisfactory feature that an assumption must be made as to the 
nature of the reflection. As will be seen shortly, this reflection is most 
complicated at distances from ground zero lo which are comparable 
with the height of burst. Furthermore, the amount of energy absorbed 
by the ground is not particularly well known. Fortunately for both 
these considerations, the height of burst in the Bikini “Able” test 
was large enough to avoid significant loss of energy to the water and 
small enough to simplify the reflection consideration by the time the 
overpressure had reached something of the order of 50 pounds per 
square inch. On this basis then, W %  scaling was applied to the experi- 
mental results to yield the curve for free air pressure against distance. 

3.19 Experimental data on pressure against time, on the other 
hand, as well as that relating the pressure to the distance for higher 
overpressure than 50 pounds per square inch, are extremely meager. 
Consequently, an appeal was made to theory to supply this infor- 

3.17 

10 Gmnd zero is the point on the earth’s surface vertically below the position of the bomb burst. 
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mation. The best theoretical treatment available as to the free 
air blast characteristics of an atomic bomb involved a numerical 
integration of the hydrodynamical equations. Various assumptions 
were made as to the initial conditions and in connection with the 
equation of state of air at high temperatures. The calculations were 
performed before any atomic bomb had been detonated, and they were 
very approxinaie; heme the res-dts for the ammmt of a~ergy  reqnirec! 
to produce a given pressure a t  a specified distance were not in good 
agreement with experiment. An arbitrary adjustment of the theo- 
retical pressure curve to match that obtained experimentally has been 
made and the various blast characteristics given in Figs. 3.13a 60 
3.13e are the result of these manipulations. 

C. AIR BURST AND THE MACH EFFECT1? 

3.20 In the preceding paragraphs, the discussion has dealt with 
the air blast from an atomic bomb exploded in an infinite atmosphere. 
In xhis section coonsideration wili be given to the influence 0 the height 
of burst of the bomb 00 the area of blast damage. The prob!em is 
extremely complex and can be solved only in a statistical or average 
manner. This is so for two reasons: h s t ,  the detailed description of 
ZL military target can, never be completely given, and second, the com- 
plete analytical solution of even such a relatively simple problem as 
the behavior of a shock wave incident on a wall a t  an oblique angle 
has never been obtained for all angles. As will be seen later, a solu- 
tion of the basic problem of shock reflection from a rigid wall can be 
derived by a combination of theory and experiment. This solution 
is, however, not readily adapted to  yielding the effect of blast in 
better than an average sense in a more cornplicatcd situation. As to 
the detailed description of the target, not only are the structures of 
odd shape, but they have the additional complicating property of not 
being rigid. This means that they do not merely deflect the shock 
wave, but they also absorb energy from it a t  each reflection. 

The removal of energy from the blast in this manner de- 
creases the shock pressure at  any given distance from the point of 
detonation to a value somewhat below that which it would have in 
the absence of dissipative objects, such as buildings. 

3.21 

The presence ~ 

11 This section is based on work by J. van Neumam and F. Reines done at the Lo? AIamos Scientsc 
Laboratory. 
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- 
of such dissipation or diffraction makes it necessary to consider some- 
what higher values of the pressure than would be required to produce 
a desired effect if there were only one structure set by itself on a 
rigid plane. 

The ideal solution to the problem is one in which the required 
pressures are calculated for a given explosion and target configuration 
by a theoretical treatment of diffraction effects and other sources of 
energy losses. In the absence of an adequate theory, the beet pro- 
cedure is first to derive from theory, or from experiment, the pressure 
level required to produce a given degree of damage for a given isolated 
structure. The value so obtained is averaged properly over the actual 
distribution of structural types, and then this representative computed 
average figure is compared with the average pressure level at which 
the damage under consideration has been actually found to occur. 
The ratio of these two pressure levels would then express the losses 
in question. This procedure is not practical mainly because the first 
mentioned pressure criterion is not sufficiently well known or suffi- 
ciently reproducibly defined. The influence of the losses must there- 
fore be accounted for in qualitative ways, not on an absolute basis, 
but rather in the sense of comparing them in two situations-one, 
the situation of actual interest, and the other, a standard where the 
pressure level corresponding to the observed damage radius is 
empirically known. 

The pressures which are actually exerted upon a given struc- 
ture will have been amplified by reflections from its own or nearby 
surfaces and decreased by diffractions around openings and corners. 
The former may cause local increases in pressure which will, under 
suitable conditions, be quite considerable. For overpressures of Iess 
than, say, 10 pounds per square inch, the acoustic theory I2 applies in 
the main satisfactorily, except for glancing reflections. According 
to this theory any reflection, head-on or oblique, doubles the over- 
pressure at the surface. It is not difficult t o  find geometrical arrange- 
ments where as many as three such reflections superpose their ampli- 
fications, for example, a shock running into a 90' corner, as depicted 
in Figs. 3.23a and 3.2313. In these figures the lines represent the shock 
(or reflected) fronts, and the arrows indicate the directions of propa- 
gation. The original (atmospheric) pressure is P, and p is the 
overpressure at  the shock front. It is seen (Fig. 3.23b) that there is 
a local increase in pressure of four times the initial overpressure in the 

3.22 

3.23 

12 Acoustic theory is applicable only to waves of small amplitude. 



shock, even according to acoustic theory. 
still higher increases. 

Exact shock t,heory gives 

Figure 3.232. Tx.0 snccessive positions (later one dotted) of shock pattern 
before origiiial shock reaches corner point at 0; 1 indicates original shock and 
2 the shock reflected once. (P=atmospheric pressure, p= overpressnre.) 

77777 
Figure 3.2313. Shock pattern after original shock has reached 0; 3 is shock 

reflected twice, and 4 is shock reflected three times. 
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3.24 The example cited is a special instance of the more general 
problem of the pressure increase which may be obtained when an 
acoustic shock runs into a corner, having a specific angular opening, at 
a given angle of incidence. In  this general case it can be shorn that 
the pressure increase to be expected is np ,  where p is the overpressure in 
the shock wave and n is the nimber of shocks that have traversed the 
region; n is determined by the angle of the corner and by the angle of 
incidence. The actual pressure amplifications that can be attained 
are limited by the rarefaction wave from the edges of the necessarily 
finite wedge. 

In  spite of the reality of the local increases it is hopeless to 
attempt to follow the effects into all their ramifications. However, 
these local reflection omplifications and t,he opposite diffraction shield- 
ing effects which necessarily ncconipany them in neighboring areas, 
are all perturbations of the main blast phenomenon, caused by the 
irregularities represented by the target and other structures. Con- 
sequently, an estimate must be made of the formations which can be 
disregarded as local irregularities not materially affecting the main, 
average evolution of the shock wave. 

Although there is no exact theory of this phenomenon, there 
do exist good guiding analogies with acoustics and optics. It is well 
known that irregularities witth dimensions of less than jis of a wave 
length leave reflection “perfect” from the “optical” point of view. 
Probably as much as )i wave length will not affect average intensities 
significantly, i. e., they are negligible in the sense outlined above. 
The linear dimensions of typical houses are of the order of 30 feet to 
50 feet and they may conceivably go up to the order of 100 feet. 
Hence they are negligible for wave lengths of 120 feet to 200 feet or 
over, and even in extreme cases for wave lengths up to 400 feet. 

In the case of a shock wave, some difficulty is caused by the 
absence of a well-defined wave length. hrthermore, the equations 
which describe the finite amplitude waves associated with the shock 
phenomena under discussion are nonlinear. It is clear, however, 
that Fourier analysis, as well as any other suitable procedure, wiU 
have to assign to the length of the positive phase the essential role of 
a wave length. Hence, it is felt to be justified in treating houses as 
statistically irrelevant perturbations, since at the interesting pressure 
levels, about 10 pounds per square inch, the positive phase of the shock 
wave from an atomic bomb has a spatial extension in the neighbor- 
hood of 1,000 feet. These arguments are somewhat qualitative, but 
they probably do justice to the main fcatures of the situation. 

3.25 

3.26 

3.27 
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It may be assumed, therefore, that for the atomic explosions 
under consideration, houses and other obstructions of comparable 
dimensions may be treated as small perturbations which do not ap- 
preciably affect the main evolution of the blast. In addition, houses, 
quite apart from their established “small” size, are also a feeble over-all 
influence because they cover only a small part of the ground. Even 
in “ 5 - ~ ! t - 7 c p 7 7  areas they rarely cover more than 25 percent of the 
ground, and therefore, the progress of a blast wave along the ground 
takes place in the main over a smooth surface. According to these 
principles, the ground can be treated as a plane reflecting surface as 
long as its formation is plane from an average topographical point 
of view. 

3.29 The focusing, shielding and other gross effects of hills, 
valleys, etc., are beyond the scope of the present treatment. Also, 
sjnce the density of earth is about 1,000 times that of the air, the 
transfer of energy through the air into the gromd is small, and hence 
the latter may be treated as a rigid reflector. A great deal of direct 
experimental evidence collfirming these views for a high burst was 
obtained at  Woods Hole and Princeton during World War 11. 

3.36 i: ;easodAe idealizatioo is consequently one in which the 
reflection of the blast from the ground, taken as a rigid, reflecting 
plane, is to be considered, and all target structures are to be viewed 
as immersed in the average pressure field thus produced. Further, 
as d be seen later (5 5.26), the damage criterion for atomic explo- 
sions is in general the peak pressure. In consequence of this fact 
and the preceding discussion, the situation reduces to something 
relatively simple: in evaluating the damage produced by an air-burst 
bomb mit,h regard to reflection from the ground, it is ody  the effect 
of reflection from a rigid plane on the peak pressure that is significant. 

3.28 

’ 

THE HEIGHT OF BURST 

3.31 The exact height of the burst above the ground is not im- 
portant in its effects on the blast received at a point whose distance 
from the bomb is several times the height of burst. At distances 
which are small or of the same order as the height of burst, the fact 
that the bomb is air burst has a profound effect on the blast character- 
istics. In the immediate neighborhood of a ground burst a target 
suffers extremely high pressures. For large charges this is, however, 
not an advantage because it means that the immediate neighborhood 
would be destroyed more radically than necessary, and the energy 
so wasted would not be avitihble elsewhere. In  addition to avoiding 
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overdestruction, an air burst at sufficient height minimizes the 
shielding of remote structures by those near the detonation. 

3.32 For atomic bombs there is a further reason for detonation 
at an altitude. It is not desirable to let the ball of fire with its enor- 
mous temperatures, approaching 1 ,OOO,OOOo C., immediately around 
the explosion get in contact with matter in bulk, in particular with 
the ground. Such contact would result in the loss of much energy 
in evaporating the earth. There is a further advantage in an air burst, 
for such a burst is accompanied by certain forms of blast reflection 
which would not occur in the case of a surface burst. 

3.33 Consider, first, the case of a bomb detonated on the ground. 
It might be thought that because the shock has a hemispherical shape 
and always touches the ground at right angles there would be no 
reflection from the ground. AEtually, this is not true. If the ground 
were an absolutely rigid reflecting surface, then the energy normally 
transmitted to the lower hemisphere in the absence of the ground will 
not disappear but will be reflected into the upper hemisphere in 
coincidence with the energy normally sent there in the absence of 
the ground. In other words, a bomb detonated on the ground is 
equivalent to two bombs in so far as the blast in the region above the . 
ground is concerned. Now twice the-charge weight means, in terms 
of peak pressure, that all pressures are the same for the ground burst 
charge as for the same charge burst in free air if all distances from the 
charges are in the ratio of the similarity factor 2' (0 3.17). Comparing 
pressqres at a fixed distance r from the bomb, the peak pressures 
obtained in the presence of the ground are higher, because of reflec- 
tion, by a factor of 2' or 2', according as the pressure decreases with 
distance as l /r  or as l/r?'. The l /r  law holds approximately, at large 
distances, i. e., for low pressures, but the variation is something like 
I/r% in the region of interest i. e., 5 to 10 pounds per square inch 
overpressure. 

Consider, next, the effects of an air burst a t  distances which 
are great compared to the height of burst. I t  is reasonable to expect 
that at such distances the height itself, and all phenomena caused by 
it, ought to have a small influence, and as the distance increases this 
influence should become entirely negligible. Hence, a t  distances 
which are very large compared to the height of burst the pressure 
should be amplified by 2" i. e., 1.26, at most if there is no crater 
formation, and by an appropriately smaller factor if this occurs. 

3.34 



El? STELST AX-D T E E  M A C E  EFFECT 63 

ACOUSTIC YICTURE OF AIR BURST 

3.35 Thc action of an air-burst charge mill first be treated in the 
acoustic approximation. Qlen  the shock sphere hits the ground, it 
produces a reflected shock. In thc acoustic approximation this 
reflected shock is a part of another, which is congruent to the first one, 
stzlc! behaws tis if it were the blast wave coming from a “virtual bomb,” 
situated at the image point of the real bomb refiected with respect 
to the ground (Fig. 3.35%). IRien the shock first strikes the ground, * 

\REAL BOMB 

Figure 3.3%. Reflection of spherical shock mave in the acouszic approximation. 

it does so at  normal incidence, and hence, by acoustic theory doubles 
the overpressure. i. e., the pressure increases over atmospheric in this 
region. Even later, d e n  the shock sphere intersects the ground at 
oblique angles, the l a m  of acoustics also call for a donbling of over- 
pressure or pressure increase above atmospheric in the tq-ice shocked 
region at  the reflecting surface (Fig. 3.3513). In other words, at  all 

REFLECTED 
SHOCK FRONT 

REFLECTING WALL 
Figure 3.35b. Reflection of shock in the acoustic approximation lor larger 

angle of incidence. 



64 SHOCK FROM AIR BURST 

angles of incidence l3 O o ~ a S 9 0 0 ,  the reflected overpressure is, inde- 
pendently of a, equal to 2p, where p is the incident overpressure. 
For a=90° the incidence is glancing and no reflection in the acoustic 
sense occurs. 

A chronological representation of the sequence of events as 
the blast wave expands, is reflected, etc., Is given in Fig. 3.36; this 
shows the appearance, in the acoustic approximation, of theblast 
pattern as it travels outward from the air-burst bomb. The free air 
shock overpressures, at successive intervals, are represented by p,, p,, 

3.36 

,-REFLECTED 

Figure 3.36. Successive stages in reflection of spherical shock wave in the 
acoustic limit. 

and p 3 ;  the corresponding additional reflected overpressures are 
pl’, pz‘,  and p8’, respectively. The latter may be thought of as originat- 
ing from the “virtual bomb.” Since any point above the ground is 
closer to the real bomb than to the “virtual bomb”, p is always greater 
than p’; however, this difference tends to become negligible as the 
distance from the bomb increases. 

The essential features of the reflection phenomenon are seen 
to be as follows: 
(a)  Incident and reflected waves make equal angles with the ground. 
(b) The pressure increases in the incident and reflected waves are 

equal. 
(c) The total pressure increase exerted by the blast at any point on 

the surface is twice the pressure increase to  be expected at the 
same distance in the absence of the ground. 

3.37 

l3 The angle of incidence, as used throughout this book, refers to the angle between theuormal to the blast 
front and the normal to the reflecting surface. 



(d) The incident and reflected waves have a constant separation, 
equal to 2h at the zenith, where k is the height of burst. At an 
angle e from the zenith the separation is smaller; it tends to 
2h cos 0 as the wave expands out from the bomb (real and vir- 
tual). For 8=90°, i. e., on the ground, the separation is of course 
zero, since the incident and reflected waves are necessarily in 
contact there. Cmrespondingly, the separaticn tends to zero as 
e-+90°, i. e., as the ground is being approached. 

(e) As the wave expands, cy, the angle of incidence (and reflection), 
starts at  0" and approaches 90" in the limit of large distances. 

The variation of the averpressure with time at  selected posi- 
On 

3.38 
tions in the blast pattern is depicted in Figs. 3.38a and 3.38b. 

I 
I 
I 
I 
I 

TIME -.I At P- TIME 
Figure 3.38a. Variation of overpres- Figure 3.38b. Variation of orerpres- 

sure n-ith time at a given point sure with time at a given point on 
the ground. above the gronnd. 

the ground there is everywhere a single rise to Zp,  as shown in Fig. 
3.38a7 but at a fixed height above the ground the increase of pressure 
occurs in two stages, first t o  p and t,hen to p+p' (Fig. 3.38b). As the 
distance from the bomb increases, the time interval At between the 
two shocks tends to  zero. 

If, instead of considering the variation of overpressure at  a 
fixed height, it is studied at a number of positions above the ground 
for which the zenith angle 13 is the same, the two-stage increase, first 
to p and then to p-1-p', is observed at  all points. The time interval 
At decreases with increasing distance from the explosion, approaching 
a limiting value of (2h/c) cos 8, where c is the velocity of sound. The 
same general behavior is found at  the zenith, and since e is here zero, 
the time interval between the two stages of increase of overpressure 
tends to 2hlc with increasing height above the ground. 

The foregoing results are strictly valid only for shocks with 
overpresswes of i&l;lte hration. Actually, a decay of the over- 

3.39 

3.40 
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pressure occurs behind the shock because of the finite duration of the 
explosion; consequently, Figs. 3.38a and 3.3813 are changed so as to 
take the forms of Figs. 3.40a and 3.40b, respectively. The drop 

Figure 3.40a. Variation of overpressure with time at a point on the ground for 
shock of €mite duration. 

TIME 

Fi-gre 3.40b. Variation of  overpressure with time at a point above ground for 
shock of finite duration. 

shown in Fig. 3.40b between the pressure rises p and p' may well es- 
ceed bhe second pressure rise p'. However, at or near the reflecting 
surface, because of the (exactly or approximately) simultaneous ar- 
rival of the two shocks in that region, amplification must certainly 
occur. 

CRITICISM OF ACOUSTIC PICTURE: FORMATION OF MACH STEM 

3.41 Certain parts of the acoustic description given here of the 
blast pattern from a charge burst above a rigid ground are in dis- 
agreement, first, with intuition, and second, with the facts. It has 
been suggested earlier (0 3.35) that the system of shock source and 
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; 
! 

reflecting wall might be replaced by a real and a virtual source; this 
would be equivalent to an explosive dipole. It is to be expected that 
at large distances such an explosive dipole would have the appearance 
of a single charge having the combined mass. This conclusion is 
analogous to the result in electrostatics, according to which the field 
produced by two equal electric charges of the same sign is essentially 
the field of the total charge when the distance to the pofiit of observa- 
tion is great compared with the separation between the charges. 

Further, the permanent separation of the original and the 
reflected shocks in acoustic theory is clearly due to their having the 
same velocity, i. e., the velocity of sound. Actually shocks of finite 

' strength move faster than sound (Fig. 3.13~). Furthermore, the 
reflected shock is faster than the original one because it travels t h - o ~ g b  
air heated by the former and, hence, has its speed increased relative t o  
it. Consequently, while aceastically the reflected shock is not able 
to  catch up with the incident shock, if the shock has a finite size then 
it will in reality catch up in regions where the positive phases o-rerlap. 
Since the two shocks are close together near the ground and in contact 
a t  the gromd, the positive phases certainly overlap in this region. 
The refiected shock is therefore faster than the direct shock; and since 
they become more near.15- parallel &s time goes on, 5? merger shock. 
sooEer or later take place. The shock formed by the fusion of the 
incident and reflected shocks (see E'ig. 2.11) is called the Mach stem 
($3.53). 

It is known from the theory of oblique reflection (0 3.44) a d  
from experiment that this is the case, and that the overpressure at  the 
fusion shock is about twice that a t  either of the two original shocks. 
As the spherical shock expands, conditions become suitslble for fusion 
at incrcasing distances from the ground. Consequently, the fused 
portion gradually rises and covers more and more of the shock sphere. 
It is possible to show that eventually the merger is complete and the 
two shocks are finally everywhere fused and form a single shock front ; 
the shocks due to the virtuaI and real bomb will then have merged 
over the sphere which corresponds to the double charge.14 

I 
I 

3.42 

I 

I 

3.43 

OBLIQUE REFLECTION: DEVIATION FROM ACOUSTIC BEHAVIOR 

3.44 A detailed theoretical treatment of the shock wave pattern 
produced by the reflection of an e-panding spherical shock wave from a 

14 If the charge is burst at such an altitude that the merger occurs at  great heights, say 30,000 feet, then, 
because of the variation of atmospheric density, neither the original nor the fused shock front will he spher- 
ical. However, the present treatment is concerned primarily with effects near the ground and so this point 
will not be considered here. 
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rigid plane surface, leading to the derivation of the Mach effect, must 
start with a description of what happens exactly on the ground where 
the incident and reflected shocks always intersect each other, and 
where the reflected shock was originally produced. It will be recalled 
that according to the acoustic theory a reflection always produces the 
same increase in overpressure as the incident shock. This result is 
independent of the angle of incidence up to, but not including, 90' at 
which angle it ceases to be valid. If the shock is of finite strength, 
t,here will be deviations from the acoustic result. Since the acoustic 
behavior is discontinuous at 90°, deviations from acousticity would be 
expected to set in earlier than goo, for the true shock must exhibit 
some kind of continuous behavior in the neighborhood of 90". There 
are, then, two factors which perturb t'he acoustic behavior; namely, the 
finite strength of the shock, and the obliquity, especially in the 
neighborhood of 90'. 

3.45 Consider, first, the true behavior of a finite shock for a head-on 
reflection. The result is usually stated a s  follows: A shock which hits 
an absolutely rigid wall will be strengthened more than the acoustic 
theory predicts. This theory indicates a doubling of overpressure at 
the rigid wall; for a strong shock, however (see Fig. 3.51), the absolute 
overpressure on the wall can be as high as eight times the pressure in 
the incident shock, assuming air to be an ideal gas with a ratio of 
specific heats, y, equal to 1.4. 

In the acoustic limit the incident and reflected shocks form a 
stable configuration regardless of the angle of incidence and of the 
shock strength. Since the two shocks have the same velocity com- 
ponent parallel to the ground at their point of int)ersection, the angles 
of incidence and reflection will also be equal. This is, of course, just 
the application of Snell's principle of optics in a very simple case 
(see Fig. 3.35b). 

and incident shocks may be of unequal strengths and hence have un- 
equal velocities relative to the air and ground. If the intersection of 
the two shocks is to remain on the ground, this difference of velocities 
requires that the reflected and incident shocks make unequal angles 
with the ground. From the equations of motion it is found that there 
are as many equations as there are variables and, in general, there are 
either two solutions or none. 

3.48 Consequently, for a given incident shock the reflected 
shock cqn be in two positions, one less and one more inclined to the 
surface (Fig. 3.48). The reflected shock which is steeper turns out 
to be faster. It can be shown that under these conditions it is the less 

3.46 

3.47 Consider, now, the case of a finite shock, where the reflected . 
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steep shock which exists, because if the strength of the incident shock 
is continuously decreased, so that, it approaches the acoustic case, it is 
found that the less steep shock goes over asymptotically to the same 
strength as the incident shock at  the same angle. The steeper shock, 
on the other hand, goes over into a finite nonacoustic shock and 
becomes vcrtical, i. e.: as p incident-0, as+ cq and a z - + ~ / 2 .  Now 
since this latter does not actnaily happen, and is in fact energetica!!y 
impossible without an external source of energy, it may be assumed, 
at least in the case of a weak shock, that it is the less steep, weak 

REFLECTED 
WTITIOUS) 

.ACOUSTIC WAVE 
( I  

INCIDENT 

Figure 3.48. Oblique reflection of plane, finite (nonacoustic) shock wave. 

solution which exists. i t  might be assumed, by continuity, that the 
strong reflected shock is forbidden for all incident shock strengths, 
an assumption supported by the experimental observations of all who 
have worked on this subject. 

A theoretical consideration of the oblique shock for angles of 
incidence increasing from 0' towards go", reveals that the two solutions 
for the reflected shock move toward each other. When the incident 
shock has reached a sufficient obliquity the two solutions for the 
reff ected shocks merge, forming a Mach stem (§3.42), and beyond this 
there is no solution.'j Reflection which occurs within this region is 
called irregular refZection. 

3.49 

THE EXTREME ANGLE: IRREGULAR REFLECTION 

3.50 The variations with shock pressure of the limiting or extreme 
angle for regular reflection, where irregular (or Mach) reflection com- 

1; For shocks of any reasonable strength this obliquity is far from 90': for example, for a shock overpressure 
of about 1 atmosphere the extreme angle of incidence is about 50°, and even for a shock of 0.1 atmosphere 
the extreme angle for regular reEection is around 80'. 
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mences, are of some interest (Fig. 3.50). As'the shock is w-eakened, 
the acoustic limit is approached and, therefore, the extreme angle must 
be nearer and nearer to 90'. For reasons previously mentioned, as 
theL angle of incidence becomes close to 90°, deviations from acoustic 
behavior should be expected no matter how weak the incident shock. 
Both theory and experiment show that such deviations do occur. As 

''0 5 IO 15 20 25 30 35 40 
OVERPRESSURE IN INCIDENT SHOCK (PSI) 

Figure 3.50. Extreme angle of incidence as function of overpressure in incident 
shock wave. 

will be seen later, the extreme angle converges to 90' rather slowly, 
as the square root of the shock pressure. More interesting is the 
fact that as the strength of the shock increases, the extreme angle 
decreases from 90'. For 30 pounds per square inch overpressure it 
reaches 40'; after this it drops a little, oddly enough, below 40' to 
something like 39', which it reaches at  90 pounds per square inch 
overpressure, and then it rises again to 40°, which value it retains for 
infinitely strong shocks. This means that for shocks of 30 pounds 
per square inch, or greater, the extreme angle has already practically 
reached its limiting value of 40'. For 3 to  6 pounds per square inch 
overpressure, it is 50' or 60'. Most blast damage by large bombs is 
based on peak pressure and is likely to occur between 3 and 6 pounds 
per square inch overpressure; for these pressures regular reflection 
becomes impossible in the neighborhood of an obliquity of 50" to 60'. 

3.51 Another interesting characteristic of irregular reflection is the 
variation of the relative overpressure on the surface as a function of 
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the angle of incidence and the strength of the inleident shock. In 
Fig. 3.51 the relative overpressure is shorn as a function of the angle 
of incidence for strong (g=O) ,  weak ((=0.7) and acoustic (E=l .O)  
shocks for reg-dar reflectioc in an ideal gas with 7 equal to 1.4.16 It 

0' IO' 20" 30° 40" 50" 60" 70" 80" 90" 
a (ANGLE OF INCIDENCE) 

Figure 3.51. Relative orerpressure on surface due t o  reflection as functinn cf 
angle of incidence for shocks of different strengths. 

wiH be noted that for a vcry strong shock the reAccted overpressure 
may be nearly eight times as great as the incident pressure. 

N A C H  REFLECTION FOR PLANE SHOCK 17.4VES 

3.52 An examination will now be made of the results of exceeding 
the extreme angle of regular rcflection with a plane shock wave. In  
Fig. 3.52 the incident shock impinges on the wall gieng rise to  a 
reflected shock. Adopting the frame of reference which reduces the 
motion of the point P and the  tm70 shocks to  rest, then the material 
will appear to flow through the shocks from 'left to right 2s shovvn. 
The incident shock causes the material originally flowing parallel to 
the wall, as indicated at  2, to be deflected toward the m-aH in the 
direction of X. The reflected shock renders the flow again parallel to 
the wall, as a t  2'. 

18 The quantity 5, i. e., the ratio of the (atmcspheric) pressure in front of the incident shock, to  that (pa) 
behind it (atmospheric~overpressure), is called the shock strength. Its value tends to zero for very strong 
shacks 2 ~ d  to >&ty for weak shocks. 

883855"-50---6 
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3.53 Beyond the extreme angle it is observed that a fusion of the 
incident and reflected shocks occurs, starting in the neighborhood of 
P, and the reflected shock overtakes the incident shock. This process 
originates at the wall and gradually spreads into the volume of the 

Z- 

Figure 3.52. Plane shock incident on rigid wall for angle less than the 
extreme angle. 

gas. As it spreads the two shocks merge and form a single shock for 
a certain distance from the wall, beyond which they are separate. 

INCIDENT REFLECTED 

MACH STEM 
(FUSED SHOCK) . 

I ~~~~~ - ~ ~ _ _  

Figure 3.53. Mach reflection: formation of Mach stem. 

In the case of irregular reflection, then, the two shocks will no longer 
look like a V (Fig. 3.52) but like a Y standing on the wall (Fig. 3.53).17 
This is the Mach effect, referred to earlier; the leg of the Y, where the 
two shocks have merged into a single shock, is the Mach stem. That 
this species of irregular reflection really occurs was proved, around 
1880, by Ernst Mach, after whom it was named. In Mach reflection 

17 For simplicity, the retkcted and Mach shock fronts are shown as planar, although this is not necessarily 
the case. 
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it is as if reflection were no longer caused directly by the wall bl;t 
rather by a cushion of air resting on the wall. It has been explored 
in great detail by hydrodynamical research done during World War 
11.18 

The qualitative picture of Mach reflection is quite simple for 
the case of a plane shock incident on a wall. Here the incident shock 
makes a constant angle with the wall. The situation is EIOR corn$- 
cated in the case of blast produced by a bomb. In the first place, the 
angle of incidence changes as the shock wave proceeds outward from 
the bomb. Further, the fact that the shock wave is spherical makcs 
a quantitative difference where Mach reflection occurs, while it intro- 
duces no additional features in the case of regular reflection. This is 
so because regular reflection takes place entirely in the neighborhood 
of a single point of the wail and, therefore, only local conditions at 
that point enter. 

The Y type reflection, on the other hand, extends over a 
finite area and grows up on the shock. Therefore, the properties of 
the shock in the large area now become relevant. As indicated earlier, 

. 3.54 

3.55 

REFLECTED 
SHOCK 

PATH 
TRIPLE 

Figure 3.65. Linear traject,ory of triple point. 

the reflected shock merges with a continuously increasing fraction of 
the incident shock, and event,ually the incident and reflected shocks 

19 J. von Yeumaun, “Oblique Reflection of Shocks,” Bureau of Ordnance E. R. R., No. 12 (1913); H. Pola- 
chek and R. J. Seeger, “Interaction of Shock Waves in Waterllke Substances,” Bureau of Ordnaucc E. R. 
R., 10.14 (1944); P. C. Eeenm and R. J. Seeger, “Analysis of Data on Shock Interactions, Progress Report 
No. 1,” Bureau of Ordnance E. R. R., No. 15 (1944); L. G. Smith, “Photographic Inwstigation of the 
Refiection of Plane Shocks in Sir” (Final Report), OSRD Report KO. 6271 (1945); R. R. Halversou, “The 
Effect of Air Burst on the Blast From Bombs and Small Charges, Part-II, The Analysis of Experimental 
Results,” OSRD Report No. 4899 (124.5). 
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may even coincide completely. Because of the variation of the angle 
of incidence as the shock wave expands, the height of the triple point, 
that is, the point where the incident, reflected and fused shock fronts 
meet, varies with distance from the explosion (Fig. 3.55). 

Most of the theoretical and experimental work on the phe- 
nomenon, but not all of it, was done in the simpler case of a plane 
wave incident on a plane wall. I t  is found that, in general, the dimen- 
sions of the Y in this case are not constant, but that they grow with 
time. I n  other words, while the regular reflection, which produees 
a V, is stationary, this new kind of reflection is not. The length asso- 
ciated with the Y is the length of the stem; the V has no stem and no 
definable size. In the plane case the stem of the Y grows in time, and 
the length of the Y stem a t  any moment defines the duration which 
the phenomenon must have had from the time of its inception to the 
time of observation. It was found both theoretically and experiment- 
ally that the shock configuration remains similar to itself in time and 
the triple point travels a linear path (Big. 3.55). 

In  the region of regular reflection it is clear that the angle of 
the triple point trajectory is Oo. It is known that with the onset of 
irregular reflection the angle 4 (see Fig. 3.55) made by this trajectory 

3.56 

3.57 

Figure 3.57. angle of 

with the plane surface, for a shock strength f of 0.8, is small but 
becomes greater as the critical angle is exceeded by larger amounts 
(Fig. 3.57).19 Actually, it is very small for a considerable angular 

19 L. G. Smith, Zoe. eit. 



interval. For orerpressures up to  about 7 pounds per square inch, 
the range in which the most detailed observations are available, the 
Mach effect begins when the angle between shock and wall is 56'. 
Even at 66' incidence, the angle of the triple point trajectory with the 
wall is only 1' t o  2'. 

It is seen from Fig. 3.57 that at a certain obliquity, a,, regular 
reflection ceases. A!! fxms of refiection eccurring after t h s ,  I. e., 
for a>ole, are by definition, irregular. It is believed that irregular 
refection at its very inception, i. e., for angles of incidence imme- 
diately following a,, belongs to the type described above as Mach 
reflection, although it should be mentioned that if the details are 
studied, there is an interval of a few degrees where the situation is 
doubtful. 

3.58 . .  

&TACH EFFECT FOR SPHERICA4L SHOCK Tq-AVES 

3.59 In the case of a spherical wave, there is no question of edge 
effects hxt additional complications arise from the fact that the angle 
of incidence changes and the shock weakens as it proceeds outward 
from the center. The increase in the angle of incidence of the expand- 
ing spherical shock is, therefore, expected to be accompanied by an 
increase in the rate of rise of the triple point. This, as well as other 
feafures of interest, is shown in Fig. 3.59 which represents the blast 
pattern for a wave of finite amplitude as it travels outward from an 

REFLECTED b rOlRECT 

POINT OF INTERSECTION OF 
INCIDENT, REFLECTED, AND 

FUSED SHOCKS (TRIPLE POINT) 
mi OF TRIPLE POIN 

FUSED SHOCK (MACH STEM) 

"i 2h \\\START OF FUSION PROCESS 

Figure 3.59. Successive stages in reflection of spherical shock wave 
of finite amplitude. 
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air-burst bomb.20 The general conclusions which may be drawn are 
as follows: 
(a) Incident and reflected waves do not intersect on the ground if 

the angle of incidence (a) is greater than an extreme angle (a,j. 
When incident and reflected waves intersect on the ground they 
do not make equal angles with the ground. 

(b) The overpressures in the incident and reflected waves are un- 
equal. 

(e) The total overpressure exerted by the blast at any point on the 
surface varies with the height of burst, t,he projected distance. 
from the bomb, and the blast energy released by the bomb. I t  is 
not obtained, as in the acoustic approximation, by multiplying 
the free.air pressure at the point in question by a factor of two. 

(d) The incident and reflected waves have a separation a t  the zenith 
which, as the waves expand, a t  first varies little from the galue 
2h and then decreases to zero as the fusion process proceeds. 
At an angle from the zenith the separation in the early stages of 
the expansion is smaller and becomes zero as the two waves fuse, 
forming the Mach stem. 

(e) At distances which are large compared to the height of burst, the 
direct and reflected waves from an air-burst bomb have fused and 
proceed outward as a single shock. From complete fusion on, 
the shock wave appears to have come from double the charge 
detonated on the ground and in the limit of large distances the 
Mach stem in the neighborhood of the ground becomes perpen- 
dicular to it. 

The variation of the reflected overpressure with time, on the 
ground, a t  selected positions in the blast pattern, is shown in Figs. 
3.60a, b, and c. It is seen from Fig. 3.60a that when the reflected 
wave reaches' a given point the pressure rises immediately to Pp, where 
p is the incident overpressure, and the reJEection coe8cient  P is the 
ratio of the total to the incident overpressure. The change of p 
with the angle of incidence for a strong shock ( f z O . 2 )  and a weak 
shock ( f -0 .9 )  is depicted in Figs. 3.60b and c, respectively.21 

3.61 At a fixed height above the ground, the overpressure rises in 
two stages, first to p and then to p+p' ,  as in the acoustic case (Fig. 
3.3813). A similar effect is observed in the variation of overpressure 
with time at  a fixed zenith angle. I t  will be apparent from Big. 3.59, 
however, that in both cases the time interval At between the two 

3.60 

20 Fig. 3.59 should be compared with Fig. 3.36 for the acoustic limit, i. e., for waves of very small amplitude. 
n L. G .  Smith, loc. cit, 
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Figure 3.60s. Reflected overpressure as fnnction of time. 

STRONG SHOCK 

Q I  
0” 30’ 60- 9w 

Q (ANGLE OF INCIDENCE) 

Q 

WEAK SHOCK 
E-0.9 

’0’ 30’ 60” 90- 
il (INGLE OF iNClDENCE 1 

. Figure 3.6Qb. Reflection coefficient Figure 3.60~. Reflection coefficient 
for strong shock as function of for weak shock as function of 
angle of incidence. angle of incidence. 

stages will tend to zero with increasing distance from the bomb. I n  
the region where Mach fusion occui’s there is, of course, always a 
single pressure increase. The modifications necessitated for the case 
of a shock having a finite duration are similar to those described in 
5 3.40. 

DETERMINATIOX O F  TRIPLE POINT TRaJECTORY 

3.62 Experimental determinations of the height of the stem of the 
Mach Y have been made using TNT as the explosive. Despite the 
lack of a satisfactory theory, these data, together with the W %  scaling 
law (0 3.16), make it possible to  predict the main features of the 
behavior of a reflected spherical blast wave for an atomic explosion. 
Inasmuch as the free air pressure-distance curve (Fig. 3.13b), after 
taking W % scaling into account, differs in these two classes of explo- 
sions, the definition of “blast equivalence” in terms of TNT is some- 
what arbitrary. Horn-ever, it is found that in the range of interest, 
i. e., 5 to 10 pounds per square inch overpressure, a suitable value of 
W can be found to make the ratio of the peak overpressure produced 
in the atomic explosion to the overpressure produced in the “equiva- 
lent” TNT explosion nearly unity. The discussion here will refer to 
the peak pressure only, since this determines the damage caused by 
large bombs. mith this iu mind it is possible to construct tables of 
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heights of burst by scaling with experimental data on the reflection 
of blast waves due to TNT explosions. The following discussion 
refers to 1 pound of TNT; lengths and-durations are greater for an 
explosion of W pounds of TNT by the factor W”. 

3.63 In the region of regular reflection, i. e., when the horizontal 
distance d from the point of the explosion is less than do, a t  which the 
Mach effect sets in, the sphericity of the shock front introduces no 
deviations from the results obtained for plane waves because of the 
local character of the reflection phenomenon (see Fig. 3.63a). There- 
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Figure 3.63a. Spherical shock reflected from rigid ground. 

fore, regular reflection theory and shock tube experiments can be used 
to determine the dependence of do on the height of burst (Fig. 3.63b). 

For the case of irregular reflection the situation was studied 
experimentally. In  particular, the triple point was located as follows: 
gauges were placed at various heights (N+Y) at a fixed horizontal 
distance, d,  from the explosion and the differences in the time of arrival 
between the direct (I) and reflected (R) shocks were noted (see Fig. 
3.63a). An extrapolation of this time to zero gave the height of the 
triple point for each height of burst. By repeating the procedure for 
various heights of burst h and then scaling the results down to 1 pound 
of TNT, curves of Y against h for various values of d mere obtained. 

Knowing the geometry of the Mach effect, the next problem 
was to connect it with a choice of the heights of burst which maximize 
the area over which the pressure exceeds a chosen set of values. 
Suppose it is required to find the height of burst, h, which makes a 
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Figure 3.63b. Calculated limit for regular reflection as function of height of burst 
for 1 pound TNT. 

given peak overpressure, p ,  on the ground, occur at the greatest 
horizontal projected distance, d. The procedure would be to measure 
p as a function of d for each value of h, and then to  plot d as a function 
of h for selected values of p .  Such experiments were performed uskg 
TNT. The value of h for which d=d,,,, is then the height of burst 
which yields the greatest distance to a point on the ground for which 
the peak pressure has a prescribed value. This value will, in general, 
be in the region of irregular (Mach) reflection. 

Alternatively, if it is required to determine the height of burst 
which makes the stem of the Mach Y have a prescribed height, Y,  at 
't given peak pressure, then for this value of h it is, in general, true 
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that d<&,,. The advantage gained by basing h on Y is that the 
pressure is increased, not only on the ground but over a vertical region 
coinciding with the Mach Y as well. In this way, the average pres- 
sure exerted by the blast on a structure is increased, resulting in 
increased destruction in regions where the pressure is marginal. 

The situation is somewhat complicated by the variation of 
pressure along the stem of t,he Y. A 15 to 25 percent decrease in 
pressure occurs in traversing the stem of the Y from the ground to 
the triple point. Because of this variation the mean pressure along 
a chosen vertical strip is not rigorously maximized by making the 
stem of the Y just tall enough to cover it. As a working approxima- 
tion, the height of burst will be chosen so as to achieve a desired 
stem height at a specific peak overpressure on the ground. By using 
an appropriate W% scale factor, it is possible to derive tables from 
the above experiments for bombs of various energy yields. 

3.67 

HEIGHT OF BURST AND BLAST DAMAGE 

3.68 In the concluding portion of this chapter, brief consideration 
will be given to the bearing of some of the results derived above on 
the damage caused by an atomic bomb. First, there is the question 
of the relationship between the height of burst and the area of blast 
damage. There are two arguments, as explained earlier, which favor 
an air burst, quite apart from the influence of oblique reflection. 
First, a bomb burst close to the ground is accompanied by cratering 
and melting of the ground, and hence there is a loss of energy from 
the blast. Second, an air burst avoids much shielding OI one struc- 
ture by another. An undesirable feature of an air burst is the fact 
that the bomb is further removed from the target than it would be 
if it were burst on the ground. To compensate, there is the fact 
that the high-pressure region of a bomb burst on or close to the 
ground would overdestroy the target in the near vicinity of the bomb 
( 3  3.3 1). This local overdestruction represents an unnecessary expen- 
diture of energy on nearby parts of the target region, thus decreasing 
the destruction irifficted on more remote structures. 

The reduction in blast pressure due to elevating the bomb 
is, of cqurse, more pronounced for parts of the target which were in 
immediate contact with the ground-burst bomb, since they become 
removed by at least the height of burst. For more distant parts of 
the target the effect of increasing the height of burst is less important, 
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and at  distances which are two or three times greater than the height 
of burst the change in distance from bomb to target, as a result of 
increasing this height, is completely unimportant. 

Directly under the bomb, i. e., a t  ground zero, reflection 
from the ground partly compensates for the loss in overpressure due 
to the increase ir? distance frog- the bomb to the target arca which 
accompanies an air burst. Yne gain in overpressure occasioned by 
the head-on reflection of a normally incident shock is a factor which 
would be two if the shock were weak, and between two and eight if 
the shock is of finite strength (see Fig. 3.51). For shock overpres- 
sures in the region of interest, i. e., 5 to  10 pounds per square inch, this 
factor is only a little above two. At increasing distances from ground 
zero, the increase in the overpressure becomes even larger because of 
the properties of oblique reflection mentioned previously. The high- 
est ampE6cstlon occurs SGOE after h h c &  reflectim sets k.  aft,^^ this 
it drops again as incidence becomes more and more glancing. Since 
the blast decays with distance and the free air peak overpressure drops, 
maximum destruction will occur when the greatest reflection factor 
is a t  the point where the blast pressure is just marginal for the par- 
ticular type of damage. 

Z?ct~a2y, wbeo the target, for example the wall of a house, 
is struck, it receives two blows if there is regular reflection by the 
ground in its vicinity: one by the direct and one by the reflected 
blast wave. If these two waves are close toget,her they both act as 
one blast. If they are far apart, i. e., the angle of reflection is far 
from 90°, then these two shock waves hit the larger part of the wall 
with a considerable lag between their times of arrival. As seen in 
0 3.37 as long as the reflection is regular the two shocks would arrive 
simultaneously at the ground but would be separate a t  all points 
above the ground, the separation between shocks increasing with dis- 
tance from the ground. In this case dissipative and other unfavor- 
able effects may act between the two shocks. Clearly, the most 
destruction occurs when the two' shocks are merged together, a situa- 
tion which obtains in the stem of the Mach Y. If the height of burst 
of the bomb is such that the stem is about as high as, or perhaps 
slightly higher than, the target a t  the distance the pres9ure starts to 
drop below the destructive level, the extent of damage should be 
maximal. 

3.72 In  Fig. 3.72 the estimated peak overpressure on the ground 
is given as a function of the distance from ground zero for atomic 
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Figure 3.72. Peak overpressure on ground as function of distance from ground 
zero for heights of burst of 2,000 and 2,500 feet of nominal atomic bomb. 

bomb bursts at altitu’des of 2,000 and 2,500 feet above a rigid plane. 
Irregular (Mach) reflection sets in around 2,000 to 2,500 feet from 
ground zero, and the Mach stem height a t  the 10 pounds per square 
inch peak overpressure is about 50 feet. 



CHAPTER rvl 

A. IXTRODUCTIOS 

4.1 In  the present chapter, a qualitative description will be given 
of the shock phenomena accompanying underwater and underground 
explosions. The shock wave, responsible for the major rsmoznt cf 
the damage resulting from an underwater burst, will be described in 
saxe detail, arid ncmerica! eskhates TT~I be given G: $he qnantities 
which are measures of the eaectiveness of the shock wave for a nominal 
atomic bomb. BfIer rhe explosion, $he gaseous products of the deto- 
nation reaction are contained in a bubble, possessing considerable 
energy (5 2.38). -4s it rises to  the surface. it pulsates with the enis- 
sion of secondary pressure wa~es ,  and these waves may contribute t o  
the damage. The motion of the gas bubble subsequent to  the emis- 
sion of the shock wave and surface effects caused by venting of the 
bubble to the atmosphere  dl be considered.2 Finally, some prop- 
erties of the base surge and of the wares due to the shal!ow under- 
water burst at  Bikini xdl be described. 

In  the case of an underground explosion, the hot gas bubble 
is formed, just as in ais and under m-ater, and a shock wave is propa- 
gated through the earth. Because of the indefinite nature of the 
latter, a quantitative treatment is much more difficult than for the 
other types of explosion. However, there are probably some re- 
semblances between an underground atomic bomb burst and an earth- 
quake which permit useful conclusions to be drawn. I n  addition, a 
certain amount of information has been obtained from direct experi- 
ments with conventional e-plosives. These subjects will be referred 
to in the last section of this chapter. 

4.2 

1 Material conzributed by S. R. Brinliley, Jr., J. G. h i r h o o d ,  C. Vir. Lampson, R. Reoelle, S. B. Smith. 
2 For a more complete discussion, with special reference to conventional esplosires, see R. H. Cole, 

“Underwater Explosions,” Princeton University Press, Princeton, S. J. (1918). 
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B. PHENOMENA INVOLVED IN UNDERWATER DETONATION 

SHOCK WAVE IN AN INFINITE MEDIUM 

4.3 A deep underwater burst would approximate quite closely 
the ideal case of an explosion in an inh i te  medium, the case which is 
most amenable to theoretical investigation. In addition, the scaling 
up of experiments on deep water charges of chemical explosives can 
be expected to be most reliable in such a case. Since the effect of 
reflections at the ocean floor can be neglected, it becomes possible to 
form a reliable estimate of the shock wave parameters. Because of 
this circumstance, the detailed discussion of underwater shock will 
begin with a consideration of an explosion in an infinite medium. The 
theory of the propagation of such a shock wave is comparatively satis- 
factory, and the fact that the properties of water can be described 
by a simple equation of staie makes possible numerical estimates of 
shock-wave phenomena that are fairly reliable. 

If pressure is suddenly applied at some localized region of a 
body of water, a pressure wave will be transmitted through it in all 
directions. The velocity of propagation of this pressure wave is 
large, but it is finite because of the finite compressibility of water. 
If the pressure applied is sufficiently small, the velocity of propagation 
of the wave is nearly independent of the pressure, -depending only on 
the temperature and density. Such a wave of small amplitude is 
called an acoustic wave (see Q 3.23), and the velocity of its propagation 
is called the acoustic velocity. In  sea water at 65' F, the acoustic 
velocity is about 5,000 feet per second. 

If the geometry of the generating source is such that plane 
acoustic waves are generated, the motion is said to be one-dimensional, 
and the resulting waves are propagated without change in amplitude 
or shape. Such one-dimensional waves are only approximately 
achieved in real instances. However, if the generating source is 
spherical, the amplitude of acoustic,waves decreases linearly with the 
reciprocal of the distance from the source, because of the spherical 
divergence, and the motion of the water is modified, resulting in a 
phenomenon known as after$ow. 

If the time rate of change of the pressure disturbing some 
localized region of the fluid is small, so that it can react before the 
pressure has changed appreciably, the fluid may be considered as 
incompressible. The wave resulting from the disturbance, the propa- 
gation velocity of which is i n h i t e  in such a fluid, may then be 
neglected. 

4.4 

4.5 

4.6 



6.7 In the water exterior to a detonating explosive, the pressure is 
so great near the charge that the wave velocity cannot be considered 
to be independent of pressure. As a result, the wave profile and the 
velocity of its motion depend upon the wave amplitude as it is propa- 
gated outa-ard from the source. Consequently. the mathematical 
description of such waves of large amplitude is considerably more 
difEcdt than for the case of vaves of sma!! amplitude for E - h h  the 
acoustic approximation suffices. Further, in the initial stages of the 
111 -n.otion of t h e  sphere of d e t o n a k m  p ~ d ~ t ~ ,  the rate of change of 
the pressure is so great that the approximation of incompressive flow- 
does not lead to fruitful results. At comparatively large distances 
from the charge, hox-ever, the acousdc treatment may be e111plop3 
to obteh cse fd  as;-mptotic expressions for the E-a-v-e parameters. 
The description of the later stages of the motion o€ the gas bubble is 
thm derived from the incompressive approximation. 

4.6 By means of the detonation reaction. a chemical explosive is 
converted into a mass of gas at high temperature and very high 
pressure. For the detonation of TST, the pressure is of the order 
of 2 X l o 6  pounds per square inch. An intense pressure wave in the 

bubble expands. rhe pressure of the gas falls rapidly and 8s a COG- 

sequence the pressure of the water at the gas-water interface de- 
creases correspondingly. The pressure wave propagated radially out- 
ward constitutes the shock wave; its profile is characterized at  an>- 
given distznce from the cherge by 8ri abrupt discontinuous rise in 
pressure to a peak value, followed by a decay which is approxi- 
mately exponential in form (see Fig. 3.6). 

The velocity of propagation of the shock wave near the charge 
is several times the acoustic velocity characteristic of waves of small 
amplitude. As the peak pressure of the wave decreases, the wave 
velocity also decreases, and at  large distances the wave velocity be- 
comes equal to the acouqtic velocity, as for an air shock ($3.13).  As 
the shock wave is propagated outward, the peak pressure decreases 
more rapidly than would be predicted for spherical acoustic waves, 
and the profile of the wave broadens. These properties are shown 
schematically in Fig. 4.9 in which the time profile of an underwater 
shock wave is shown for three (increasing) distances from the charge; 
the decay that would result from the acoustic laws is indicated by 
the broken lines. 

As a result of the explosion of an atomic bomb, tremendous 
tcniperatures and pressures are realized in a region so small that for 
practical purposes a point source c a ~  be assmed. The inteise 

x q t f y  is gellereted ks. t h e  snh0-c r La-L of &tor,&,tici; p;;odr;cts. As *Le glis 
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radiation of heat results in the very rapid vaporization of large quan- 
tities of water. After a few microsecondsi there will exist a globe 
consisting of the fission products together with large amounts of water 
vapor (0 2.39). It will be assumed here that for a nominal atomic 
bomb this gas bubble behaves in a manner similar to that expected 
from a bubble contabing the ordinary detonation products of 20 
kilotons of TNT. 

TIME - 
INCREASING DISTANCE F R O M  EXPLOSION - 

Figure 4.9. Variation of pressure-time curve for an  underwater shock with 
distance from the source. 

4.11 An analytical representation of the pressure profile of the 
- shock wave at a given distance from the charge, sufficiently accurate 
for most purposes, is provided by the peak approximation in which it 
is assumed that the pressure-time curve at a fixed distance is given 
by the relation 

p=p,e- (t-fo)le, (4.11.1) 

where p is the pressure at t&e t ,  p ,  is the peak value of the pressure 
at  time to, the time of arrival of the shock wave at the point of observa- 
tion, and 6' is a parameter called the time constant. The peak approx- 
imation provides a good representation of the greater part of the 
pressure-time curve, failing most seriously at the tail of the wave. 
By means of this approximation, the complete pressure field associated 
with the shock wave can be represented by a statement of the variation 
with distance from the charge of two parameters, namely, the peak 
pressure and the time constant. I t  is evident from Fig. 4.9 that the 
peak pressure diminishes and the time constant e increases with 
distance from the charge. 



4.12 Ir? the consideration of the effect of the loading on target 
structnres provided by the shock TI-ave. the area under rhe pressure- 
tinre c u i - ~ e  is a quantity of importance. This qaantit;-, called the 
impulse, is a measure of the totaI magnitude of the load and of its 
duration. The manner in which damage is related to the impulse is 
discussed in a later section of this chapter. The impulse I is thus 
defined as 

I= pdt ,  (4.12.1) 
o m  

.I tc 

for a wave whose profile is described by the peak approximation.3 
Approximately half of the energy released by the explosioil 

is radiated outward by the shock i-va-re. h s  the wave front advances, 
its total area increases because of sphericai diwrgence and the &&- 
a ave energy per unit area decreases. This tvpe of energy decay may 
be called acoustic. T h e  energ3 deca>- of iiaves of large axplitude is 
more rapid than &at predicted by rhe ecous!ic law. As the si-ater 
is travrced bp the shock xxzix-e, a. portiorr of the availabie enuyj- re- 
mains associated with the n-ater in the form of heat. The amount 
of energy dissfpited is large for mives of large amplitude and small for 
TTZWS of smaii an:$itUde. This d i s s i p a t i ~ ~  0:” eze~gy rcs::!ts :E a 
more rapid depaj- of rhe wace amp1;ixde thaii l a  ~~;edictd,  b;- acoas2c 
theory. 

4.i4 The theory of Kirkwood and Bi-hHey can be employed 

provides a collrenient basis for a logicd extrapointion to  distances 
near the charge of shock-wa-i-e properties measured a t  large distmces 
from the charge. In Table 4.14 and Figs. 4.i4a and 4.14b, values are 
given of peak pressure, tiroe constant, impu!se, and shock-ivave energy 
in water a t  various distances from a charge equivalent to 20 kilotons 
of TST. These rcsults, which apply to an infinite medium, i. e., deep 
m-ater, were obtained by application of the scaling law (§  3.16) to 
smaller scale results for TKT. Experimental values of the peak 
pressure --ere extrapolated to  smaLier distances by means of the theory, 
and the theory was also employed to derive results for the impulse 
and shock-wate energy. The impulse m-as calculated on the assump- 
tion that the peak approximation to the pressure-time curve applies 
a t  all distances. The first entry in the table corresponds to the radius 
of a sphere containing 20 kilotons of TST. 

6.13 

- .  

. .  
f O l  the 12 j i 1 2 G P i  Ga!Cii!%tiOii of &i3& TVaTe-propCTties. t idc!it lEl, it 

3 For a pressure-time curve of arbitrary form, thc impulse may be defined by equation (4.12.1) with the 
upper limit replaced by t,, the time at which the excess pressure becomes zero. 

4 J. G. Kirlinood and S. R. Brinkley. Jr., “Throrg of the Propagation of Shock Waves from Explosive 
Sources i~ Air and Kater,” OSRn Report hTo. 4814 (194.5); see also, Phys. Eeu. 71; 606 (19471, 72, 1109 (1947). 
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TABLE 4.14. CALCULATED SHOCK-WAVE PROPERTIES FOR THE 
DEEP UNDERWATER .EXPLOSION OF 20 KILOTONS OF TNT 

45.9 _ _ _ _ - _ _ _ _ _ _ _ _ _  
50 - - _ _ _ - _ _ _ _ _ _ _ - _  
70 _ _ - _ _ _ _ _ _ - - _ _ _ _  
100 - _ _ _ _ _ _ _ - - _ _ - _  
150- - _ _  - - _ _ _ _  _ _ _ -  
200- -__- - - - - - - -_ -  
300-- - - - - - - - - - - - -  
500 - - - - - - - - - - - - - - 
700--_-_--..---_-- 
1,000-- - - - - - - - - - _ 
1,500__ - - - - - - - - - - - 
2,000- - - - - - - - - - - - 
3,000_- - - - - - - - - - - - 

460,000 1. 00 460 10, 400 
404,000 1. 11 448 8,640 

. . 249,000 1. 57 . 390 4, 170 
146,000 2. 16 316 1, 895 
79,300 ' 2. 72 216 762 
51,900 3. 66 190 399 
29,000 5. 14 149 161 
14, 500 7. 10 103 52. 0 
9,410 8. 34 78. 5 25. 1 
6,020 9. 63 58. 0 11. 6 
3,680 11. 1 40. 7 4. 91 
2,630 12. 0 31. 6 2. 66 
1,640 13. 4 21. 9 1. 14 



4.15 In the previous discussior,, it has been assumed that the charge 
is spherical in shape and that the pressure field resulting fram the 
shock wave is undisturbed by boundary surfaces. For charges of 
other shape, orientation effects must be considered and a theoretical 

DISTANCE ( f t  ) 

Figure 4.14b. Time constant and impulse as functions of distance from explosion. 

description of the resultant blast wave is much more difficult. Hom- 
ever, if all of the charge dimensions are of the same order of magnitude, 
the results for spherical charges may be taken as, representative, and 
this approximation becomes increasingly good as the distance from the 
charge is increased. 
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THE REFLECTION OF UNDERWATER SHOCK WAVES 

In  every actual case, the medium in mhich the shock wave 
is propagated is finite. In  addition to the natural boundaries afforded 
by the sea bot-tom and the surface, there may be artificial boundaries 
consisting of target vessels, walls, or other obstructions. The discus- 
sion of the propagation of shock waves in an infinite medium applies 
without modification for times prior to the time a t  which the shock 
wave first strikes such a boundary surface. The pressure field a t  
subsequent times is then modified by the reflection of the shock wave 
at the boundary surface? 

I n  Chapter 111, an extended discussion was given of the 
reflections of shock waves at  rigid surfaces; this discussion is applica- 
ble in all of its details to  similar phenomena in water. The relations 
that were developed can be applied to the present case, since the 
equation of state for air, p=pO[(~/~O)y-l], is of the same form as the 
Tait equation for water, p=B[(p/~~)y-l], where p is the excess pres- 
sure. 

4.18 Because of the low density of air compared to  that of water, 
the air-water interface can be assumed to be a free surface. At a free 
surface, an incident pressure wave-is reflected as one of rarefaction 
(Fig. 4.18). The advancing pressure wave and receding rarefaction 

4.16 

4.17 

/SURFACE 

REFLECTED FRONT WAVE 

Figure 4.18. Direct and reflected (rarefaction) wave at surface of water. 

wave are then superimposed. Although the negative peak is smaller 
than the positive one, it is superimposed upon a late, weak portion of 
the pressure curve., The resultant pressure is commonly negative, 

\ 
5 Experimental observations indicate that inclusion of reflection effects will, in general, not alter the peak 

pressures in Table 4.14 by more than a factor of about two. 



resulting in tension in the n-ater. Sea n-ater cannot withstand appre- 
ciable tension, the tipper limit for natural sca water being of the order 
oi atmospheric pressure. A s  a result, the tension is relieved b -  the 
formation of many small bubbles which prevent a further increase in 
tension. 

4.1 9 The form of the pressure-time ciirvc observed at a point near 
9 free s~rface is showii in Fig. 4.19; this curve is modified in its later 

This phenomenon is calied cauitation. 

a - 
I 

b 

E/ 
_. - _  WlgEre 4.19. Effect of surface reflectioii on a shock -7aT-e beion- a free snrface. 

portions by the reflected rarefaction wave from the surface. The 
broken line shom-s the region of tension to be expected. as a result of 
the reflected wave and the solid line shows the result of cavitation. 
This effect of the rarefaction wave on the pressure mave is called the 
surface cut-of. The phenomenon of cavitation and the effects of a 
free surface on shock xvaves of finite amplitude have not been ade- 
qnately described t h c ~ ~ t i c d l j - ,  ia spite of the great iEportance of 
these effects on the surface phenomena accompanying an underwater 
explosion. 

4.20 If the water is shallow, pressure waves reflected from the 
bottom may further complicate the over-all picture. The description 
of the pressure field resulting from the superposition of the reflected 
shock waves from both rigid and free surfaces then becomes very 
difficult. 

4.21 In the description of the surface of the water as a free surface, 
the deasity of a x  is assumed to be :ieg!igib!e compared to that of . .  
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water. Actually, the density of air is finite, and there is transmission 
of a relatively weak shock wave across the air-water interface into the 
air. At the underwater (“Bakqr”) test at Bikini, such a transmitted 
blast wave was in fact observed. 

MOTION OF THE GAS BUBBLE 
4.22 After the shock wave has been emitted by an ordinary high 

explosive, nearly half of the initial energy of explosion remains in the 
gaseous detonation products. Although the pressure in the gas 
bubble is then much lower than its initial value, nevertheless it is 
higher than the equilibrium hydrostatic pressure. The gas bubble 
thus expands rapidly, and the residual energy of the gas is imparted 
to the water as potential energy. The water in the neighborhood of 
the bubble has a high outward velocity, due in part to the excess of 
pressure existing within the bubble and in part to the afterflow which 
is characteristic of a spherical pressure wave. Because of the iner- 
tia of the water, the expansion of the bubble continues until the gas 
pressure falls well below the equilibrium hydrostatic pressure. In 
time, the pressure deficiency brings the outward flow of water to a 
stop and the bubble begins to contract. During the contraction, the 
gas pressure is increased, and because of the inertia of the water, the 
coritraction phase of the motion continues until the gas pressure is 
again greater than the equilibrium hydrostatic pressure. This 
process map be repeated, and the bubble may undergo repeated 
cycles of expansions and contractions. 

As a result of the several dynamical conditions which deter- 
mine the motion, the bubble spends most of its time in an expanded 
condition, and the pressure of the gas is less than the equilibrium 
hydrostatic pressure during the greater part of the cycle. The 
reversal of the bubble motion at the point of greatest contraction 
occurs so rapidly as to be almost discontinuous in a time scale appro- 
priate to the description of the whole cycle. These features of the 
bubble motion are illustrated in Fig. 4.23. 

In the case of an atomic underwater explosion, the bubble 
consists of the fission products and a large amount of vaporized water. 
I t  may be supposed that behavior of this bubble simulates that of the 
bubble formed by the underwater detonation of a chemical explosive. 
In  the simplest case, where the effects of boundaries do not need to 
be considered, the period of oscillation is quite simply related to the 
depth and to the energy residual in the gas;6 it varies as the one- 

4.23 

4.24 

0. Herring, ‘‘Theory of the Pulsations of the Gas Bubble Produced by an Underwater Explosion ” 
NDRC Division6, Report No. CPSrXMlO, OSRD Report No. D-236 (1941). 
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third pox-er of the energy and the negati3-e five-sixths power of the 
hydrostatic pressure. The residual energy is proportional to the 
charge weight or yield, that is, to the energy of the explosioo. 

TIME 
Figiire 4.23. Oscillation of gas bubble under Rater. 

4.25 
pulse is 

The theoretical eqxession for the period T of the first bubble 

T= 1.13jpHp,-46EE”S (4.25.1) 

where, rzsing consistent. e. g., cgs, ilnits, p is the densit?- of the xmtcr, 
pa &the total hydrostatk pressure at the level of the detonation, 
and E is the energy mhich goes into the bubble pulsations, estimated 
at  0.4 of the energj- of the explosion. For a nominal atomic bomb 
detmated a t  a depth of 2,000 feet, the predicted period is 1.8 seconds. 

At  the end of its first expansion, the radius of the bubble 
from an underwater explosion of TKT is given by 

~ 

4.26 

R, = 1 60 ( W / p )  bS, (4.26.1) 

where R, is the maximum radius in feet, W is the charge weight in 
tons, and p is the total hydrostatic pressure expressed in feet of water. 
For 20 kilotons TNT, the depth at  which the globe would just break 
the surface at its maximum size is 530 feet. At a depth of 1,000 feet 
the maximum bubble radius is 430 feet; at  1,500 feet the maximum 
radius is 380 feet; and at  2,000 feet the maximum radius is 340 feet. 

About 40 percent of the energy of explosion, which remains 
in the gas bubble after the emission of the primary shock wave, is 
emitted in part in the form of spherical pressure waves generated by 
the oscillating bubble, and in part it is dissipated due to the effects of 

4.27 

7 C. Ramsauer, “Die Masscnben egung des Wdssers bel rnterudssere\l,ioslonen,” Ann.  Physzl;, 72, 265 
(1921). The relation has been verified by recent einerimental nark. 
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turbulence. The pressure. in the water depends upon-the square of 
the rate of bubble motion, and this is greatest near the point of 
greatest contraction. The excess water pressures due to bubble pul- 
sation are, therefore, appreciable only near the time of greatest con- 
traction. The amplitude of the pressure wave falls off with distance 
due to the spherical divergence of the wave. The bubble motion is 
radically affected by the proximity of the bubble to boundary sur- 
faces; in consequence, the form of the pressure waves attributable to 
bubble motion depends upon these factors. The peak pressure of the 
first bubble pulse is much lower than that of the primary shock wave, 
being of the order of 10 percent of the latter. However, the duration 
of the pulse is much longer than that of the shock wave, and the im- 
pulses- of the two waves are of the same order of magnitude. The 
pressure-time curve of the bubble pulse is shown schematically in 
Fig. 4.27. A considerable amount of the energy initially residual in 
the gas sphere is lost with each pulse, and generally only the first 
pulse is of appreciable magnitude? 

Figure 4.27. 

TIME 
Pressure-time curve for shock wave and first bubble pulse. 

4.28 A complete description of the motion of the gas bubble must 
include a consideration of the effect on the motion of the buoyancy 
of the bubble. The theoretical description given by Taylor repro- 
duces the characteristic features of the vertical migration. The bub- 
ble rises slowly during the initial period of expansion and with in- 
creasing velocity during the period of contraction; the rate of upward 
motion is a maximum at the point of greatest contraction. These 
characteristics are shown in Fig. 4.28. 

8 A. B. Arons and D. R. Yennie, “Energy Partition in Underwater Explosion Phenomena,” Rev. Mod. 

9 G. I. Taylor, British Report RC-235 (1941). 
Phys., 20, 519 (1948). 
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4.29 

Characteristics of upward motion of gas bubble under water. 

Because of the importance of the effect of gravity on the 
bubble motion, the simple s c a l i  laws tvhich pertain to the shock- 
s<-ave phenomena are not applicable. Approxnnate scaling laws may 
be derived from the theoretical treatment of Taylor. EIoweveQhese 
cannot be applied as confidently as in the case of shock-wave phe- 
nomena because the theoretical treatment neglects the additional 
factors affecting the bubble motion. The effect of varying hydro- 
static pressure over the surface of a large bubble is to distort the 
bubble from a spherical shape into a mushroom shape, with the result 
that the theoretical estimates of migration velocity are too large. 
The bubble motion is also affected by proximity of the bubble t o  rigid 
surfaces, such as the ground-water interface, to the free surface at the 
air-water interface, and to deformable or rigid surfaces such as may 
be provided by a target. The exact description of these effects is a 
complicated hydrodynamic problem which must be considered in 
detail for each particular case.’O It may be noted that the bubble is 
attracted toward a rigid surface and repelled from a free surface 
during the contraction phase of its oscillations. 

One of the main reasons for interest in the vertical motion 
of the gas bubble is that for a charge exploded beneath a ship’s hull 
the bubble will have approached the target during its first period. 
Consequently, the pressure pulse radiated at the end of the period 
will have a shorter distance to travel and svill be more intense upon 

4.30 
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arrival at the target. An approximate formula for the total rise dur- 
ing the first period for a bubble of the detonation products of TNT, 
based upon the assumption that the bubble remains spherical, is 

Ay=5900Jw/po,  (4.30.1) 

where Ay is the rise in feet during the first period, W is the charge 
weight in tons, and po is the total pressure at the detonation level in 
feet of water. For a 20 kiloton TNT bomb exploded at a depth of 
2,000 feet, the predicted rise is 410 feet; at a depth of 1,000 feet, the ‘ 

rise would be 800 feet. For depths significantly less than 1,000 feet, 
the bomb would not complete one oscillation before venting to the 
atmosphere. Because of deviations from spherical shape, these fig- 
ures represent an overestimate, as indicated above. 

4.31 For very large charges, the effect of gravity predominates 
over the effects of the free surfaces. Herring6 has shown that the 
ratio of the velocities due to these causes is given by (5pgh/po) (h/R,), 
where po is the total hydrostatic pressure at the detonation level, h 
the depth of this level below the surface, R, is the maximum radius 
of the gas bubble, P is the density of water, and g is the acceleration 
due to gravity. For a 20 kiloton TNT bomb detonated at a depth 
of 2,000 feet, the upward velocity due to gravity is of the order of 30 
times that caused by neighboring surfaces. 

SURFACE EFFECTS 
4.32 The most spectacular visible effects of an underwater explo- 

sion are the most difficult to treat theoretically. They are intimately 
related to the geometry of the explosion, and depend in an involved 
manner on the depth of the burst. A discussion of these effects must 
also consider the overall depth of the water and the contour of the 
bottom if the explosion has taken place in shallow water. Since their 
theoretical interpretation is incomplete, only a qualitative discussion 
of surface effects can be attempted here. 

It was stated in Chapter I1 that the first observed effect of 
the shock wave to reach the surface is the appearance of the slick, 
and this is soon followed by the spray dome. The latter is throw-n 
up directly over the charge by the reflection of the blast wave at the 
surface. 

4.34 If the incident wave at the surface is exponential, the shock 
pressure decreases rapidly from its peak value. The head of the 
reflected rarefaction wave falls progressively behind the head of the 

4.33 

6 C. Herring, “Theory of the Pulsations of the Gas Bubble Produced by an Underwater Explosion,” 
NDRC Division 6, Report No. CpSr20-010, OSRD Report No. D-236 (1941). 



direct pressure wave. The resultant pressure behind the rarefaction 
front would thus be less than the hydrostatic pressure p ,  at the deto- 
nation level if cavitation did not occur. Since the cavitation pressur.e 
of ordinary sea water is probably close to p,,  cavitation can be expected 
to result very near the surface in the area covered by the spray dome. 
According to the approximate formula of Pekeris,ll the depth A at 
d&ki cavitation occiirs is giver, by 

(4.34.1) 

where R is the distance from an explosion at  depth h, and eo is the 
velocity of sound. I t  is assumed that the incident wave is exponential, 
the time comtant b&g 8 and the peak pressure p ,  decaying as 
B-l-l' (0 4.11). 

This expression indicates that cavitation occurs a fractioc of 
a foot below the surface. Consequently, it appears that the thin 
layer of water becomes detached and rises with the velocity of thc 
surface in the form of a spray rather than as a solid sheet. Kennard IZ 

has discussed in detail the structure of the region below the surface 
spray. It is concluded that the cavitation must spread rapidly 
downward for a distance that is appreciable but which is only a 
fraction of the charge depth. A mass of cavitated water with an 
upward velocity is thus produced, forming the spray dome. 

4.36 The contour of the dome has been studied by a nmnber of 
writers. If it is assumed that the peak pressure decays as R2-'.I5, the 
initial velocity of the dome U ( T )  at a distance T from its center is 
related to the initial velocity a t  the center u(0) by 

4.35 

(4.36.1) 

wherc h is the depth of the explosion. The dome contour is thus 
steeper for a shallow explosion than for a deep one.r3 

As stated earlier, the bubble of hot gases formed in an under- 
water explosion reaches the surface essentially intact, provided the 
burst is not too deep. Here, the pressure of the bubble is relieved, and 
water rushes into the cavity forming a Monroe-type jet. This com- 
plex phenomenon gives rise to plumes of water spray. 

4.37 

. 

I* C. L. Pekeris, NDRC Division 6, Report 6.1-sr 1181-1433 (1944). 
?2 E. H. Kennard, TMB Report No. 511 (1913). 
13 See R. R. Halverson, W. G. Schneider, and P. C .  Cross, OSRD Report No. 6268 (1946). 
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4.38 The character of the plume depends upon the stage of the 
bubble motion at which venting takes place, and therefore upon the 
depth of the.charge. If the bubble reaches the surface before its 
contraction begins, it has a small upward velocity of migration and 
the venting is, therefore, largely radial. At a greater charge depth, 
the bubble may reach the surface at  its point of greatest contraction 
and greatest upward velocity of migration. In this case, the water 
above the bubble is thrown up vertically to form a narrow, high 
plume. At  still greater charge depths, the vertical plume becomes 
increasingly less developed and radial plumes reappear. As the charge 
depth further increases, this sequence can be repeated corresponding 
t o  different stages of the second bubble contraction, but on a smaller 
scale because of the decreased energy of the bubble. After more than 
a few cycles, the bubble has an insignificant residual energy and loses 
its identity in a mass of turbulent water. 

I t  is believed that the very large bubble from an atomic 
explosion does not survive more than about one oscillation. For a 
relatively shallow burst, the bubble vents while expanding rapidly, 
and a vertical plume which rises to great heights appears almost 
immediately (0 2.42). 

4.39 

C. WAVES PRODUCED BY THE BIKINI UNDERWATER 
EXPLOSION 

PROPERTIES OF THE WAVES 

4.40 In the Bikini “Baker” shot, typical of shallow underwater 
atomic bomb explosions, the first wave to form was a positive crest, 
followed by a trough which descended as far below the still water 
level as the crest rose above it. This trough was followed by a train 
of waves. Near the explosion point the first crest was somewhat 
higher than the succeeding ones, both above the undisturbed water 
level and in total height above the succeeding trough. At greater 
distances from the explosion the highest wave was frequently one of 
those in the train which followed the first wave. The maximum 
height in this train passed backward to later and later waves as the 
distance from the center increased. In  almost all cases the height of 
the second crest was smaller than either the heights of the adjacent 
crests or the depths of adjacent troughs. 

The number of waves measurable with theinstruments used 
increased from 3 a t  2,100 feet from the center to 6 at 10,000 feet, and 

4.41 
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14 or more a t  22,000 feet from t8he explosion. In an aerial photo- 
graph taken about ti minutes after detonation over 20 waves can be 
seen, and the entire area of the lagoon discernible through the clouds 
is covered with concentric waves radiating from the bomb center. 
Most of these were apparently too low for instrumental measurement. 

Within 8,000 feet, where the first wave is the highest m-ave, 
let H be the maximum height in feet from crest to following trough 
and R be the distance from the explosion in feet; the relationship 
Hfi=S4,000 can then be used to estimate maximum wave height at 
any given distance. Beyond 8,000 feet, the empirical equation 
(HR)0-9=42,700 should be employed. The following table l4 gives 
estimated maximum wave heights from crest to  fol lo~ing trough at  
different distances: 
R, Distance (feet) _ _ _ _  i,000 2, 000 4,000 6, 000 8,000 i 0 , O O O  12, 000 
H ,  Maximum height 

4.42 

(feet) _ _ _ _ _ _ _ _ _ _ _ _ _  94 47 24 16 13 11 9 

4.43 The highest wave in the train following the first m-ave always 
had the same group velocity, which at Bikini mas about 53 feet per 
second, and succeeding crests became highest as they attained this 
grmp veloci,ity (and the corresponding ~veve  length and period). 

Many crests were present as appreciable waves at  a consid- 
erable distance from the explosion (Fig. 4.44), but at  a lesser distance 
there were only a few waves of measurable height. Since the xave 
energy travels with the group velocity, the only measurable waves 
present a t  any given distance were those that had attained or exceeded 
a minimum group velocity, determined by the size of the initial dis- 
turbance. At Bikini this group velocity was about 40 feet per second. 

4.45 The observed times of arrival of the first wave crest are very 
well fittgd by the equation for velocity of a solitary wave, namely, 

4.44 

(4.45.1) 

where C is the wave velocity, g is the acceleration due to  gravity, 
d is the depth, and h is the height, of the crest above the undisturbed 
water level. 

The following values are obtained for the time of arrival of 
the first crest a t  different distances from the explosion: 

4.46 

Distance (feet) _ _ _ _ _ _ _  1, 000 2, 000 4, 000 6, 000 8, 000 10, 000 12, 000 
Arrivaltime (seconds)- 11 23 48 74 101 127 154 

14 These results may be assumed to apply to  a nominal W kiloton TST energy equivalent atomic bomb. 
In  general, for an explosion in deep water the product I IR should be proportional to  I&"/?, where Wis the 
energy release af the bomb. If the distance II h propcrticz-a! to l W 3  ( 5  3.16), then Eshou!d rarg as Wle. 
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Figure 4.44. Waves from test “Baker” reaching the beach at Bikini. The 
maximum wave height at the shore was about 7 feet. 

4.47 Owing to the shoaling of the water in the direction toward 
Bikini, the velocity of the first wave markedly decreased beyond 
12,000 feet and this wave arrived a t  Bikini, approximately 18,500 feet 
from the target cent,er, about 306 seconds after the explosion. Thus 
the speed in the last 6,000 feet decreased to about half the value near 
the explosion point. 

Times of arrival of the earliest measurable rise of the water 
surface due to the first wave, when plotted against distance, approxi- 
mately fit a straight line with a slope of 80 feet per second, which 
intersects the axis of abscissas a t  about 1,000 feet. Theoretically the 
first rise traveled with acoustic velocity and was related to the shock 
wave itself. The measured first rise must therefore represent a sud- 
den increase in an already existing slope of the sea surface and is 
probably related to the rate of travel of the wave energy. The point 
on the back side of the first crest a t  which the wave surface crossed 
the undisturbed water level traveled at  about 70 feet per second. 

4.49 The time interval between the first and the second crests 
was less than 20 seconds at 2,000 feet and increased to 40 seconds at 
12,000 feet. That this interval continued to increase with increasing 
distance is indicated by the tower photographs from Bikini, which 
showed that the second major wave arrived at the beach more than 
60 seconds after the first. It is probable that this apparent increase 

4.48 
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of 20 seconds between 12,000 and 18,000 feel was due to the dying- 
out of the second m-ave, because of the difference between energy 
(group) velocity and phase velocity. 

The distance between the first and second waves at 2,000 
feet from the tmget center was 1,200 feet. This distance increased 
with increasing range from the explosion point; at 12,000 feet) from 
the target center it was 2,800 feet. 

Wave length, period, and phase velocity for the second and 
subsequent waves all increased with time and distance from the center. 
a t  any point or time each wave had a period, wave length, ar,d velocity 
less than that of the preceding wave. The period of the second crest 
increased from 16 t o  24 seconds between 2,000 and 12,000 feet, its 
wave length increased from 1,000 to 1,700 feet, and the phase velocity 
increased from 64 to  70 feet. The phase velocity of all crests ap- 
proached the value C= @=75 feet per second as an asymptote. 

In all its characteristics the first -rave behaved difTerentiy 
from the succeeding ones. it may be thought of as a Iong solitary 
wave, generated directly by the explosion, and receiving its initial 
energy from the high-velocity outward motion of the water. The 
subsequent waves --ere generated impulsively by the collapse of the 
hole blonm in the it-ater. The water rushing in to 6lI this hole built 
up a central mound. 

According to the Cauchy-Poisson theory, the mound should 
have then subsided to the undisturbed level without further oscilla- 
tion. That this was at  least approximately true is shown by the very 
small number of measurable waves near the eqlosion point, indicating 
that the amplitude of the central oscillation diminished very rapidly 
with time. 

WAVE SHAPE 

4.50 

4.51 

4.52 

4.53 

4.54 Twenty-three seconds after the explosion, when the f i s t  
crest was 2,000 feet from the target center, the average slope from the 
undisturbed water at  the leading edge of the wave to  the crest was 
1’51’. At 140 .seconds the first wave crest had progressed out to 
nearly 11,000 feet, while the fifth crest was at  5,500 feet. The leading 
edge of the first ware was then at 12,000 feet and the average slope 
from this point to the first crest was 0’12’. The highest average 
slope from trough to  crest was 1’23’, on the forward side of the 
fourth wave. 

4.55 From the present data, wave profiles prior to  20 seconds are 
uncertain. Such a profile near zero time, drawn from the extrapo- 
lated positions of the first disturbance and the first crest and trough, 
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suggests that the outer side of the first crest had an average slope of 
about 15O, while the inner slope was apparently very much steeper. 
Waves are unstable and break when the average slope from trough 
to crest much exceeds 15O; hence the first wave was probably breaking 
as it left the central area. 

4.56 At 140 seconds after the burst, there were present only five 
waves high enough to be recorded by the instruments. Since wave 
energy is proportional to the square of the wave height, the major 
part of the total energy of the waves produced by the bomb must at  
this time have been contained in these five waves. This energy was 
found to be between 2.6X 10” and 3.4X lo1* ergs or between 0.3 and 
0.4 percent of the total energy of a nominal atomic bomb. More than 
half of the wave energy was in t,he first wave. 

The first wave peaked up and broke 390 feet off Bikini in water 
20 feet deep. The height at  breaking was 15 feet, i. e., 2.3 times the 
height which the wave would have had in deep water at the same dis- 
tance from the explosion center. This increase in breaker height over 
deep-water height agreed exactly with the well-known expression for 
wave behavior in shallow water, 

4.57 

(4.57.1) 

where h, andh, are wave heights at breaking and in deep wat,er, 
respectively, and d d  and do are the deep-water depth and the depth at 
breaking. 

D. GEOPHYSICAL EFFECTS OF THE BIKINI UNDERWATER 
EXPLOSION 

CHANGE IN BOTTOM TOPOGRAPHY 

4.58 The explosion o€ the Bikini “Baker” bomb caused a measura- 
ble increase in depth of the bottom of the lagoon over an area roughly 
600 to 1,100 yards across. The greatest apparent depth difference 
was 32 feet, but this represents only the removal of a small hill and 
not a hole 32 feet deep in a previously flat surface. Over an area of 
165,000 square yards the bottom was between 20 and 30 feet deeper 
after “Baker” Day. A deepening of 10 to 20 feet was observed over 
an area of 260,000 square yards, and of zero to 10 feet over 510,000 
square yards. 

The net volume of bottom material removed was estimated 
to be about 1,420,000 cubic yards, a volume equal to that contained 

4.59 
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in a 112-yard cube. This volume represents only the net amount 
of bottom material removed fromihe bomb site, and spread in a thin 
layer over an area more than a mile in radius. The total, or gross, 
amount of material originally placed in suspension or blasted out by 
the bomb is estimated to be 3,680,000 cubic yards. OE this amount, 
2,260,000 cubic pards settled back into the crater, partially refilling it. 

Before “Baker” Day, sediment samples collected a t  the bomb 
site consisted of coarse-grained algal debris mixed with less than 
about 10 percent sand and mud. The sand and mud probably resulted 
from the chemical or bacterial breakdown of the calcareous algal 
debris. Bottom samples taken after ‘Baker” Day near the explosion 
point were entirely different in character. Instead of algal debris, 
thicknesses up to 10 feet of mud were found. This “target area mud” 
had a median diameter of 7.5 microns; 75 percent of the material was 
less than 20 microns and 25 percent less than 2.5 microns l5 in diameter. 

4.60 

BEACH EROSION FROM W-4VES 

4.61 A minor amount of erosion of the beach was plainly evident 
from an examination on the afternoon of “Baker” Day. Some beach 
materiai was aiso carried iniand, the farthest debris line in the region 
of the photographs being about 200 feet from the shore. 

4.62 In the process of eroding the beach, the waves set up by the 
bomb shifted large blocks of beach rock measuring up to 9X5x1 feet 
in size. Many of these slabs showed fresh scars several inches across; 
some were overturned, some broken across, but none, so far as could 
be determined, were carried more than a few feet from their original 
positions. 

E. DESCRIPTION OF THE BASE SURGE AT BIKINII6 

OBSERVED SEQUENCE OF EVENTS 

4.63 Immediately after the “Baker” burst at Bikini, the water 
moving upward formed a conical dome above the previous water level. 
This soon became a virtually straight-sided column forming the plume 
(0 2.42), which continued to expand in diameter until a t  least 10 
seconds after the explosion. On the basis of extrapolation from sur- 

15 A micron is 1W meter or 1O-a cm. 
15 The following discussion is based largely upon study and measurements of still photographs taken with 

automatic recycling aerial csmerss at 1 second and 3 second intervals from towers on Bikini, Amen, and 
Enyu Islands. 
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face wave measurements it is probade that at its maximum size, the 
column was considerabb larger in diameter than the cavity blown in 
the lagoon waters. Above 2,000 feet in altitude, the top of the column 
was concealed by a roughly equidimensional “cauliflower cloud” 
which extended up to more than 6,000 feet. 

4.64 After the condensation cloud had disappeared, large spike-like 
jets were seen thrustmg out through the sides of the plume. Photo- 
grammetric measurements show that these jets fell at  rates of 32 to 80 
feet per second. It was at first thought that the jets were nearly 
entirely water because their velocities of fall were considerably greater 
than the terminal velocity of the largest stable water drop (about 
25 feet per second for a drop 0.6 centimeter diameter). Closer 
examination showed that after falling 5 to 7 seconds, many of the jets 
apparently broke up into spray without much increase in volume, and 
the visible rate of fall greatly diminished. 

Eqidently the jets, and therefore also the entire plume, con- 
sisted of a relatively small weight of water suspended as drops in air. 
The suspension of water drops behaved at  first like a homogeneous 
fluid of somewhat higher density than the air outside the column. 
Exactly similar phenomena have been observed in laboratory studies 
of the rate of fall of aerosols and liquid suspensions conducted at 
Stanford University under the direction of P. A. Leighton. In  these 
experiments, drops of an aerosol or of a liquid suspension were intro- 
duced at the top of a glass cylinder into a fluid of very slightly lower 
density. The aerosol drops settled at rates up $0 10,000 times greater 
than the velocities of fall of the individual suspended particles they 
contained, as computed from Stokes’s law. This phenomenon was 
called “bulk subsidence”. It is an example of the more general class 
of flow which has been designated as a density current, that is, the 
flow of a fluid under the action of gravity through another fluid of 
slightly different density. 

After 10 to  12 seconds, the suspension of water and air over 
the entire periphery of the column constituting the plume began to 
fall rapidly. As this fall continued, the diameter of the water column 
decreased. At a height of 450 feet, for example, the diameter changed 
from 2,050 to 1,500 feet, between 15 and 33 seconds. Photographs 
taken 30 to 35 seconds after the explosion seem to show definitely 
that at this time the remaining part of the column, which was all 
inside 1,500 feet, was only a tenuous mist. From this observation, 
together with the existence of the spike-like jets, and the rapid lateral 
expansion of the column, in the first 10 to 15 seconds after the explo- 
sion, over an area much larger than that of the cavity blown in the 
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water, it is dif€icult to avoid the conclusion that the plume was an 
essentially hollow cylinder -with walls approximately 300 feet thick. 
This conclusion is supported by the “h~llow” appearance of the cauli- 
flower cloud, as seen from above in some of the aerial photographs. 

As the falling suspension of water in air from the outer part 
of the column reached the sea surface, it billowed outward and upward 
as the base surge ($2.45).  This was first evident between 10 and 12 
seconds after the burst. At first the front of the base surge moved 
outward in all directions with a very high relocity, in excess of 100 
feet per second, butJ this velocity rapidly diminished. Thus, one 
minute after the explosion, the radial velocity in the cross wind direc- 
tion was only 47 feet per second; between 2 and 3 minutm later the 
outward motion had ceased, and the whole mass of the surge was 
moving s!on;ly donz- rvind at about 10 feet per second, i. e., about 7 
miles per hour. 

The front of the base surge at first, sloped inward from the 
water surface. By 60 seconds, the front had assumed the typical 
rounded profile of a dust cloud or mo-ring fog bank. 

At 12 seconds, the suspended material in the cauliflower cloud 
began to fall back to the lagoon in large mamillary masses, which at- 
tained high settling velocities of more than 50 feet per second. In 
some cases an abrupt decrease of velocity occurred after an interval, 
and the plume broke up into a rain curtain. Evidently the same mass 
subsidence phenomena occurred in the cloud as in the column. The 
first material from the cloud reached the surface about 1 minute 
after the detonation, and after 2.5 minutes the cauliflower cloud had 
dropped nearly all its suspended load into the base surge so that only 
remnants of it remained aloft. Most of this material fell in an annular 
area with inner and outer radii of 1,950 and 2,850 feet, respectively. 
The aerial photographs show part of the lagoon surface inside this 
annular area after 45 seconds, indicating that at this time there was 
little suspended material either from the cauliflower cloud or the base 
surge in the central region. Beyond the annular ring of fall-out from 
the cloud, the base surge extended over a very large area, with an 
average outer radius at 3.5 minutes of 8,400 feet. 

For the first 2.5 minutes, the height of the top of the base 
surge increased irregularly but continuously up to about 1,800 feet. 
Large irregularities, due to turbulence, in the motion of both the up- 
per surface and the advancing front of the base surge are apparent 
from the photographs. After 2.5 minutes the top remained stationarg 
in height for nearly a minute while the radial expansion of the surge 
diminished and finally ceased. Between 3 and 4 minutes the surge 
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began to lift from the lagoon, and after 4.5 minutes its base had lifted 
1,500 feet off the water. During and after the lifting process, the 
surge also thickened, so that its upper surface eventually rose to 
nearly 6,000 feet. This thickening must have been due to condensa- 
tion of water in the adiabatically-cooled air pushed up by the base 
surge as it lifted. Because of this condensation, rain fell from the 
surge cloud for nearly an hour after the detonation. 

Time 
(See.) 

10 
20 
30 
40 
50 
60 
80 

100 
120 
140 
160 
180 
200 

VARIATION OF VELOCITY AND DIMENSIONS WITH TIME 

Velocity 
(cm./see.) 

3,660 
2, 650 
2, 135 
1, 830 
1, 620 
1,430 
1, 160 

945 
795 
700 
580 
490 
365 

4.71 In Fig. 4.71 measured values of the mean crosswind horizon- 
tal velocity, mean surface radius, inner radius, and mean height of the 
base surge are plotted against time for the first few minutes after the 
detonation. Some of these values, and other data, expressed in metric 
units are also given in Table 4.71. Over the period from 10 to 200 

TABLE 4.71 

RADIAL VELOCITY 4ND DIMENSIONS OF THE BASE SURGE 

Outer radius 
(cm.Xl0 4) 

3. 7 
6. 6 
9. 2 

11. 0 
12. 8 
14. 4 
17. 1 
19. 2 
21. 4 
22. 6 
23. 8 
24. 9 
25. 6 

Area' 
(em.2XIO 10) 

0. 4 
1. 4 
2. 6 
3. 8 
5. 1 
6. 5 
9. 1 

11. 6 
14. 3 
16. 1 
17. 8 
19. 5 
20. 6 

Height 
(cm.Xl0 4) 

1. 3 
1. 8 
1. 9 
2. 1 
2. 6 . 
3. 0 
3. 7 
4. 5 
4. 8 
5. 5 
5. 5 
5. 5 
5. 5 

Volume** 
(cm.%lO '5) 

- 
0. 15 
. 25 
. 40 
. 5 5  
. 79 

1.81 ' 

3. 16 
4. 78 
6. 28 
7. 69 
9. 16 

10.43 

*Total area encompassed by base surge, &eluding central clear region. 
**In computing the volume of the base surge cloud, an attempt has been made to take the central clear 

area into aceount. 

seconds, the crosswind velocity V varied approximately with the in- 
verse square of the time t ,  being fairly well fitted by the equation 

(4.71.1) 
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Figure 4.71. Dimensions and velocity of base surge as functions of time. 

4.72 For velocities in the upwind or downwind directions, the 
wind velocity of 300 centimeters per second must be subtracted from 
or added to the value for V given in equation (4.71.1). After 200 
seconds, the radial velocity diminished rapidly to zero which was at- 
tained at. about 240 seconds. 

4.73 The mean outer radius corresponding to equation (4.71.1) is 
given by 

aK + aKt -+ 
K2+Kt ' R= (4.73.1) 

where ~ ~ 4 x 1 0 ~ .  Introducing numerical values for K and a, it is 
found that 

cm. 3.6 X lo5+ 3.7 X 10% 
90+t R= (4.73.2) 

Beyond 3 minutes the radius did not appreciably increase and these 
equations no longer held. 

If R,  is the surge radius at  time t ,  and U is the wind velocity, 
the distance from the explosion point to the upwind edge of the base 
surge at any time t will be given by 

4.74 

XuZ=RZ- Ut, (4.74.1) 

and in the downwind direction by 
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4.75 Up to 180 seconds, the area swept by the base surge-includ- 
ing the central region which> was apparently clear after the first 
minute-was, in accordance with equations (4.73.1) and (4.73.2), 

sq. cm. (4.75.1) 

After 200 seconds the area underneath the surge at  any 
instant did not increase, but the total area over which the surge cloud 
had passed gradually lengthened as the surge traveled downwind 
(see Q 4.79 on probable effects of higher wind speed). 

The height of the base surge at the point of intersection with 
the plume column remained at about 450 feet throughout the period 
during which the major fall-out from the plume occurred, that is, 
between 15 and 33 seconds. As shown in TabIe 4.71, however, the 
average height of the top of the base surge increased continuously up 

. to 140 seconds. After 140 seconds it remained constant until the 
entire mass started to lift from the lagoon, at about 210 seconds. 

The apparent volume and mass of the base surge increased 
continuously from 10 seconds onward (Fig. 4.78). This increase was 

?r (aK2+ aKt+ (3) - ?r (3.6 X 1 O5 + 3 -7 X 10%) - 
(K2.+$.KY' (90+tl2 

A= 

4.76 

4.77 

4.78 

*- E; 0.003 . 
4 - 

0.002 
in 
z w 
0 

0.OOI 

1 S U R G E  DENSITY 

10 - 

d l  w 

P P t TOTAL WT. AIR + WATER (tons x 10'1 // 

~~ 

20 40 60 80  100 I20 140 160 
TIME (8.C.) 

Figure 4.78. Weight, volume, and density of base surge as functions of time. 
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due to different causes at different times. Up until 33 seconds, new 
material was being added as the falling column was transferred into 
the base surge. Throughout the period of outward expansion from 
10 to 200 seconds enormous quantities of air were being engulfed by 
turbulence at  the surface of the surge. Finally, after 200 seconds, 
condensation took place above the original surge cloud, in the adia- 
b a t i c d y  ccoled air which was forced do€ t  zis the surge rose. 

EFFECT OF WIND SPEED 

4.79 At Bikini, the wind velocity near the surface was very low, 
only 5 or 6 miles per hour. An onshore wind of 10 to  15 miles per 
hour is a more usual daytime situation in a harbor, and winds up to 
25 or 30 miles per hour are not uncommon. Such higher wind speeds 
would have severd ef€ect,s : 
(a) The surge would not extend as far upwind at any time. 
(b) The surge front would arrive at any downwind point sooner after 

. the explosion, and therefore with higher radiation intensity and 
higher rate of fall-out. 

(cj Tine area and volume of the surge ciouci would be increased b y  
turbulence due to the wind, particularly after the first few minutes 
when the initial rapid outward expansion of the surge has ceased. 
Experience with the behavior of smoke over water indicates that 

R,,=R,,S.O.zW, (4.79.1) 

where Rut is the actual radius of the surge cloud at any time, t ,  
Rb, is the radius it would have had in the absence of wind, and U 
is the wind velocity. 

(d) The total area swept by the surge cloud from its beginning up to 
any time, 1, increases with increasing wind speed. If the total 
swept area is A, , ,  then 

. 

EFFECT OF ATMOSPHERIC COKDITIONS 

4.80 The view has been expressed that the base surge phenomenon 
as observed at Bikini was, at least partly, dependent on the very 
moist, tropical air-mass prevailing at the time of the explosion. As 
seen in 4.65, it  is probable that the aerosol constituting the base 
s a g e  has B somewhat greater density than the surrounding atmos- 
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phere. Consequently, the aerosol acted as a meteorological cold- 
front, and in its outward travel pushed into the ambient air causing 
this to ascend over the surge front. The tropical air-mass had great 
thermal instability and its moisture content was such that an ascent 
of about 1,000 feet would cause sf ic ient  adiabatic cooling to produce 
cldud condensation. This would explain the steadily increasing 
volume of the surge as it migrated outward from the center of the 
explosion. 
4.81 At the point where the base surge began to rise off the water, 

its density, as an aerosol, must have been equal to or less than that 
of the surrounding air. The ascent then continued as a result of its 
lower density and was comparable to the rise of an unstable, moist 
air-mass along a warm front. The development of the strato-cumulus 
cloud at this stage (Fig. 2.46) is in harmony with the suggestions 
concerning cloud formation made above. 

Even if the full development of the cloud mass requires a 
moist atmosphere, it is probable that the initial formation of the base 
surge, which moves forward at  high speed, would be independent of 
the meteorological conditions. However, it is possible that all the 
phenomena, exactly as observed in the “Bikini” test, would not occur 
if an atomic bomb were exploded under water when a dry air-mass 
is present, or when the atmospheric condensation level is significantly 
above the height of the initial base surge. 

4.82 

F. SHOCK FROM UNDERGROUND BURST 

UNDERGROUND SHOCK PROPAGATION 

4.83 The preceding sections of this chapter have dealt with under- 
water bursts; in this final section some of the characteristics of under- 
ground explosions will be considered. 

The detonation of an atomic bomb under the surface of the 
ground would produce an earth shock which, in its effects, would be 
somewhat similar to that of an earthquake of small“foca1 depth.” 
The magnitude of the energy release in the underground burst of a 
nominal atomic bomb would, in fact, be comparable to the energy 

4.84 

17 Some of the seismic effects of the Alamogorda “Trinity” atomic bomb air burst and of the Bikini “Baker” 
underwater expl&ion are described by B. Gutenberg, Bull. Seism. &c. Amer., 36, 327 (1946) and by B. 
Gutenberg and C. F. Riehter, Duns. Amer. Geophys. Union, 27, 776 (1946). respectively. 



developed in a damaging earthquake of scale 5.0 on Richter's loga- 
rithmic scafe.ls 

There is, however, a considerable difference in the depths of 
the focal point of the disturbance beneath the surface of the earth in 
the two cases. This depth is, in general, very large, of the order of 
miles, scores or even hundreds of miles in the case of an earthquake, 
while it wodd he eEectively on the surface for an atomic boxb. 
These differences are reflected in the period of the seismic waves, 
their amplitudes, and their decay of intensity with distance from a 
spot directly above the center of disturbance. The period would be 
shorter, and the decay with distance somewhat more rapid, for the 
waves generated by an atoniic bomb. Since profound differences 
exist in the mechanism of propagation of air shock waves and seismic 
wax-es generated by explosion, fi brief deSCriptiGIl nf the process 
occurring in an underground explosion mill be given. 

The initial stage of an air, water, or underground explosion is 
the same, namely, the sudden creation of a mass of highly heated and 
compressed gas which exerts tremendous pressure. This high-pres- 
sure gas immediately begins to  expand, imparting a high radial veloc- 
ity to the earth particles adjacent to the charge and producing a large 
transient pressure in the medium.19 The high initial velocity of the 
earth carries i t  past the point of pressure equilibrium due to inertia, 
so that after a certain t i n e  the motion is arrested and a rererse motion 
is imparted. If the pressure in the gas bubble were not relieved, the 
pressure at rep-ote points svouId decrease to it value equal to the per- 
manent stress in the medium due to the presence of this sphere of high- 

4.85 

4.86 

18 Richter's magnitude scale, which is based on the logarithm of the amplitude of motion, is related to 
the energy by the formula 

where Mrepreseuts the magnitude of the earthquake of energy E, and Eo is the energy of an earthquake of 
zero magnitude (taken as 2x10" ergs). The smallest earthquakes felt are of magnitude 1.5, while those of 
magnitude 4.5 will cause slight damage near the epicenter. Those of magnitude 6 are destructive over a 
limited area, and magnitude 7.5 is the lower limit of major earthquakes. The results in the appended table 
give an approximate relationship betveeu the energy and the type of earthquake. The total energy release 
of a nominal atomic bomb is about 8X1020 ergs. 

E n e r g y  r a n g e  M a g n i t u d e  
ergs of m e a n  

Great earthquakes- ........... ~ ..... ........ ~ . ~ - ~  _..._...._...___._______ 1026 8.5 
Major earthquakes ....................................................... 102L102~ 7.5 
Deskuctive earthquakes.. . . ~~ ... -. . .. .. . . ~.~. .~ ........_..__. _._.____._. 6.5 
Damagingearthquakes.- ...._ ~~~~.~ .............. ~ ~ . ~ . ~  ............_.__. 1020-1022 5.5 
Minor strong earthquakes ........................ ~ . . . ~ ~ ~ ~  ............___ lO'"1020 4 . 5  
Generally felt small earthquakes ........................ ~~~~~~ ........___ IO'"101S 3.0 

For further discussion, see I(. E. Bullen, "Iutroduction to the Theory of Seismology," Cambridge Univer- 
sity Press. 

l O Z l P 4  

1B See Appendix B. 
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pressure gas. There are two factors tending further to reduce the 
final pressure : one is the cooling of the gas in the bubble due to thermal 
conduction to the medium, and the other is the relief of pressure due 
to the break-through of the gas bubble to the surface of the earth, or 
t o  the leakage of gas into the surrounding earth. If the charge is 
buried at  such a depth that the $as pressure is quickly relieved by 
motion of the medium above the charge, the peak pressure will be 
reduced. 
4.87 The effect of progressively greater depths of burial of an ex- 

plosive charge is to increase the magnitude of the compressive wave 
until a depth is reached at  which the relief of pressure due to the 
surface break-through comes after the time of maximum excursion of 
the adjacent particles in the medium. Subsequently, relief of pres- 
sure exerts no influence on the maximum value of the pressure, and 
greater depths of burial have little influence on the propagated effects. 
This result is found experimentally and is consistent with the mecha- 
nism described. The critical depth in earth is predicted to be about, 
600 feet for a nominal atomic bomb, which is much greater than any 
practical depth of penetration that could be achieved by bombs or 
guided missiles. 

The rate of change of the magnitude of the compressive wave 
with depth of burial of the bomb is such that at practical depths of 
penetration of a heavy bomb about 35 percent of the maximum poten- 
tial pressure in the propagated wave will be developed. The remain- 
der of the potential mechanical energy will be spent in producing air 
blast, fusing the ground, forming a crater, and in dispersing material 
from the crater into the air. A detonation just on the surface would 
reduce this figure to about 20 percent for propagated seismic effects, 
leaving about 80 percent of the energy for air-blast production, 
cratering, etc. 

4.88 

EFFECT OF SOIL CHARACTERISTICS 

4.89 The variability of the soil characteristics and the proximity 
of underlying rock strata introduce additional variables into the under- 
ground damage problem over those encountered in air-blast phenom- 
ena. The presence of underlying rock strata relatively close to the 
surface is a condition which can enhance very appreciably the propa- 
gated effects in an underground explosion. This enhancement comes 
about in at  least two different ways. The &st is a consequence of 
the reflection of the pressure wave from the rock strata. Crude cal- 
culations show that in normal incidence not more than 50 percent of 

For further discussion, see Appemlix €3. 
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the energy of the explosion is transmitted from the earth to the under- 
lying rock, and at more oblique angles of incidence this proportion 
would probably be less. As a consequence, the wave energy is largely 
confined to a thin slice in which the rates of decay are less than they 
would be if the slice were not there, since the waves are almost con- 
fined to a two-dimensional medium rather than being propagated in 
a hemisphere. Another way in which the wave amplitude may be 
increased at the larger distances I s  through energy being transmitted 
back up agstin from the rock, if it happens to be stratified and sepa- 
rated by a lower-velocity medium from the lower rock boundaries. 
In this case the rock stratum can also act as a two-dimensional medium 
with transmission losses lower than those of earth, so that a portion 
of this trapped energy is fed back into the soil stratum above it to 
increase its wave motion. 

The experiments on the propagation of explosive effects 
through soil have been conducted in places where the underlying rock 
strata m-ere as far from the surface as possible in order to reduce the 
complexity of the problem. There is consequently a lack of informa- 
tion as to the magnitude of this enhancement, although its effect has 
been detected in a few isolated cases. T i e  character of the soil is very 
important also in attempting to evalutate the probable damage from 
underground explosions, but fortunately a considerable amount of 
information on this subject has been acquired by experimentation. 
I t  has been found that the range of propagation constants in soil is 
very great with light loamy soils at one end of the series and heavy 
plastic clays a t  the other end. A set of experiments conducted in 
Texas and Oklahoma 21 has shown that at equal distances from equal 
charges the pressures transmitted by plastic wet-clay soils may be as 
great as 50 times larger than those transmitted by light loamy soils. 
Similarly, the transmitted pressures through wet clay may be ten times 
as high as those transmitted through sandy clay, the latter being taken 
as the average soil for this discussion. 

The experiments mentioned above, which were conducted in 
soils of several different types, gave measurements of the surface ac- 
celeration and displacement and the subsurface pressure as functions 
of the distances from the explosive charge. The connection between 
these quantities and the actual damage resulting to surface structures 
will be considered, among other matters, in the next chapter. 

4.90 

4.91 

21 Final Reports on Effects of Underground Explosions by C. W. Lampson, NDRC Report No. -4-479, 
OSRD Report No. 6645 (1945). 



CHAPTER Y 1  

PHYSICAL DAMAGE (FROM AIR BLAST, 
GROUND AND UNDERWATER SHOCK) 
A. AIR BLAST DAMAGE: GENERAL PRINCIPLES 

EFFECTS OF BLAST 

5.1 A detailed discussion of the formation and propagation of the 
shock waves produced from an explosion has been given in earlier 
parts of this book. As already stated (0 3.1), the resulting blast 
represents perhaps the most important aspect of the atomic burst, 
as far as destruction of property is concerned. In this present chapter 
consideration will be given to such phases of the behavior of a shock 
wave as are particularly related to the damage it is capable of doing 
to various classes of structures. It will be recalled that the essential 
features of a shock wave are an abrupt rise in pressure, followed by 
a gradually decreasing pressure, lasting for about a second, and then 
a suction phase, characterized by a decrease of pressure below normal 
atmospheric, which lasts for several seconds. Associated with the 
abrupt rise of pressure in the first phase of the blast wave is an intense 
wind which persists, but with diminishing velocity, throughout the 
pressure phase, blowing in the direction of propagation of the blast 
wave. This wind reverses its direction at the start of thesuction phase 
blowing with a smaller velocity in the direction opposite to  its former 
course, but persisting for a longer period of time (Fig. 5.1). The 
effect of these winds in the case of blast waves of long duration is 
to produce a force on the structure for a relatively long time after the 
shock front has enveloped it and passed by. 

The general nature of the effect of a blast wave on a structure 
is that of a giant blow due to the sudden onset of pressure, followed by 
a more or less steady force on the structure, directed away from the 
source of blast, which lasts until the blast wave envelopes the building. 
At  this time, the onset of a pressure at  the rear of the structure reduces 
the radially directed force to that given by the wind drag, and adds a 

5.2 

1 Material contributed by S.  R. Rrinkley, Jr., J. G. Kirkwood, D. R. Parker, C. W. Lampson, F. Reincs, 
S. B. Smith, W. E. Strope. 
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Figure 5.1. Representation of behavior accompanying a shock x-al-e striking a 
structure. 
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net squeezing or compressional force to the over-all structure, unless 
the pressure is relieved by the failure of doors and windows or other 
structural members. 

The behavior of a blast wave upon striking a cubical structure 
is depicted in Figs. 5.3a, b, c, and d ;  these indicate the position of the 
shock front and of various reflected and diffracted waves at  successive 
times during the passage of the shock. The impact a t  the instant of 
str.&ing is succeeded by the partial envelopment and squeeze of the 
structure as shown in Pig. 5.3b; the complete envelopment and 
aerodynamic drag forces are applied during the stages represented by 
Figs. 5 . 3 ~  and 5.3d. It is seen that two factors operate to destroy the 
structure: the crushing effect of the pressures developed on the 
structure as it becomes surrounded by the shock wave, and the aero- 
dynamic drag of the air mass or wind motion behind the shock front. 
It is apparent, therefore, that a properly anchored weak structure 
may be crushed without being displaced bodily, or if it is weakly 
anchored a scrong structure may move without being crushed. 

The ability of a building to withstand the shock depends, of 
course, upon its strength, to a lesser degree upon its shape, and upon 
the number of openings through the building which can serve to  relieve 
the pressure on the outside walls. The strength, used in this sense, 
is a general term and is influenced by many factors, some of which are 
obvious and others are not. The most obvious indicator of strength 
is of course massiveness of construction, but this is modified greatly 
by other factors not immediately visible to the eye, e. g., the resilience 
and ductility of the frame, the strength of beam and corner connec- 
tions, the redundancy of supports and the amount of diagonal bracing 
in the structure. 

The strongest structures are heavily framed steel and rein- 
forced-concrete buildings, while the weakest are probably certain 
shed-type commercial structures having light frames and long spans 
of unsupported beams. Some kinds of lightly-built residential con- 3 

struction also fall in this category, but well constructed frame houses 
show good resistance to blast damage from ordinary bombs, and 
presumably would also do so to the blast from atomic bombs. The 
resistance to blast of brick structures having load-bearing walls is 
rather poor; this is probably due to the lack of resilience and to the 
moderate strength of the connections which are put under stress when 
the load is applied laterally to the building. 

The effect of shape is not very marked in conventional struc- 
tures which are generally of a rectangular plan form; a long narrow 
structure will, of course, be more resistant to blast impinging on the 

5.3 

5.4 

5.5 

5.6 
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Figure 5.3. Behavior of blast wave upon striking cubical structure: (a)  before 
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end than on the side. The shape effect is most pronounced in certain 
auxiliary parts of the structure, such as smoke stacks, which, because 
of the rapid equalization of pressure around them and their relatively 
low wind drag, are surprisingly resistant to blast. They often remain 
erect when the structures adjacent to them are leveled to the ground. 
On the other hand, flat surfaces, such as windows in an extensive wall 
surface, will have no rapid relief of pressure except by breakage. 
Since they have a short period of vibration, they will have a maximum 
of stress induced in them, with a high probability of failure even at 
comparatively low blast, pressures. . 

THE DIFFRACTION OF BLAST WAVES BY A STRUCTURE 

A better understanding of the forces acting on a structure 
under the impact of a blast wave may perhaps be gained by carrying 
through a rather detailed examination of the phenomenon occurring 
during the passage of the wave. For the sake of simplicity, the struc- 
ture considered will be a rectangular parallelepiped standing in the 
open with one face perpendicular to the direction of propagation of the 
blast wave. The modifications necessary for an actual structure will 
be given later. 

It can be shown that a shock wave with a nearly vertical front, 
propagated along the ground, will set up a flow pattern about a struc- 
ture on the ground that is essentially the same as would be developed 
about a structure in free air if the vertical dimensions of the structure 
were doubled. The ground plane corresponds to the plane of sym- 
metry of the flow, and neglecting boundary-layer phenomena the flow 
above the plane is the mirror image of the flow which would exist be- 
neath the plane if the structure were in free air. Thus, a rigid, rectan- 
gular Parallelepiped, shaped like a haif cube, placed on the ground will 
have the same flow, and suffer the same diffraction effects, as a 
rigid cube in free space. The center of the equivalent cube then 
becomes the intersection of ’the ground plane with the vertical center 
line of the actual parallelepiped. The term “center of the face” as 
used here will refer to the equivalent cube and will actually be a point 
a t  ground level as described above. 

The incident peak overpressure level of the blast wave is 
taken as 15 pounds per square inch, a pressure level which would be 
approximately that required to cause structural damage to a modern 
reinforced-concrete, windowless type of building. The dimensions 
of the structure are taken as 75 feet on each edge of the base and 38 

5.7 

5.8 

5.9 

2 See Appendix A.  
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feet high, which corresponds to a medium sized, three or four st>ory 
building. 

5.10 The expected overpressure-time curve of the incident blast 
wave, with a superimposed curve which represents the variation with 
time of the average translational force on the cube per unit area of 
front face, is given in Fig. 5.10; the derivation of the salient points is 
described belox. It shwtld b e  noted that this !ntter curve %ad the 

Figure 5.10. Average translational pressure on front face of rigid cube 75-foot 
edge, approximately 2,600 feet from air burst of nominal atomic bomb. 

corresponding one in Fig. 5.15 are first approximations to the actual 
phenomena taking place, chiefly because the transitional pressures 
between the various phases of the diffraction phenomena are repre- 
sented by straight lines whereas it is probable that these regions are 
more complex and may have superimposed oscillations. A complete 
interpretation of the phenomena has not yet been developed, but for 
the elementary structural loadings considered here it seems best to 
approximate these regions by straight lines. The times computed 
are those from the onset of the blast to the beginnings o€ each of the 
transitional phases referred to above. 

5.11 As will be shown later, the pressure is a function of position 
on the front face, being a maximum at  the center and a minimum at  
the edge. The average of these values when multiplied by the area 
of the front face wodd give the force teodiog to shear the struetare 

883656"-5iO--9 
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from its foundation, or to move it along the surface if it were free to 
do so. 

5.12 The sequence of events which produces the pressure-time 
curve in Fig. 5.10 is as follows. At zero time on the graph, the 
steep-fronted blast wave, shown in the diagram, strikes the face of 
the structure. The pressure on the face immediately rises to the re- 
flected pressure, which in the case of a shock wave is greater than the 
pressure doubling which would be experienced by an acoustic wave 
(see Fig. 3.51). Also, a t  this instant, a rarefaction wave starts from 
each edge toward the center of the face, traveling with the speed of 
sound behind a shock of pressure equal to the reflected pressure, sig- 
nalling the center, in effect, that the wall is not infinite in extent (Fig. 
5.3b). After this set of waves has reached the center, a t  approxi- 
mately time t,, a situation is set up which is similar to that existing on 
the head of an infinitely long structure parallel to a high-velocity air 
stream. A distribution of pressure over the front face occurs in such 
a way that the intersection of the center line of the structure with 
the horizontal surface has the so-called stagnation p r e s s ~ e , ~  and the 
edges have essentially the side-on or hydrostatic pressure of the blast 
wave. The average of these values is plotted as the average stagna- 
tion pressure. During this time the shock wave is presumed not to 
have reached the rear edge of the structure. 

At a later instant, indicated by time tz ,  which is equal to 
the length of the structure divided by the velocity of the shock wave, 
the front of the shock wave reaches the rear edge of the cube and 
starts spilling in toward the center of the rear face (Fig. 5 .3~) .  This 
pressure applied to the rear wall relieves the total translational force 
on the strmture, and after a time interval r3-t2,  which'is approsi- 
mately that required for the pressure wave to reach the center of the 
rear wall, the translational force on the structure drops to the value 
which would be experienced by the parallelepiped of finite dimensions 
in a steady wind steam. It is probable that this force, called the 
drug jorce, is approached in some exponential fashion, and that the 
time t3 is actually longer than indicated in Fig. 5.J0, but insufficient 
experimental data exist to determine this time accurately. Hence, 
for the purposes of this approximate analysis, it is thought best to 
indicate it as a time that can be readily calculated, namely, the time 
required for a signal to  be propagated from the edge to the center 
of the structure at the meed of sound in air at normal temperature 
and pressure. 

5.13 

3 The stagnation pressure is defined as that pressure of the air existing in the region or regions in which 
the moving air has been brought completely to rest. 



5.14 The time for the drag force to  be established is proportional 
to the size of the structure, so that a relatively small structure, such 
as a smoke stack or an isolated girder, suffers the high reflected 
and stagnation pressures for an exceedingly brief time. Experience 
has shown that these two types of structures are extremely resistant 
to blast, and if they are strong enough to withstand the drag force 
of such lower intensity Sut of x u &  longer duration, they wil! not, 
bc damaged. 

The forces considered above %re not those that cause failure 
of structural details such as front and side walls ur roofs, but are 
largely applicable to  the shearing force on the foundations or to the 
flexure of the frame of a steel building. The force on a panel or 
section of the front wcall will vary somewhat with its position on the 
wail, but taking the case of a section near the center of the front face, 
the overpressure in the direction of propagation of the blast wave 
will be similar to that shown in Fig. 5.15. Here the pressure rises 

5.15 

Figure 5.15. Pressure on panel near center of front face of rigid cube. 

instantly to the reflected pressure, falling off in time as that of the 
blast wave decreases. At a time approxiinately equal to  that re- 
quired for the rarefaction wave from the edge to reach the center, 
the pressure drops to the stagnatioil pressure of the blast wave. The 
stagnation pressure decreases as the pressure in the blast wave de- 
creases nt i l  it becomes nearly identical with the side-en or hydro- , 
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static pressure of the wave. The pressures on the side panels which 
are parallel to the direction of propagation of the blast are nearly 
the same as the side-on pressure of the blast wave. 

The calculated reflected pressure, stagnation pressure, and 
drag pressure divided by the drag coefficient as a function of the 
peak overpressure in the blast wave are indicated in Fig. 5.16. These 
values, which exist immediately behind the shock front, may be use- 
ful  in computing the behavior of different structural configurations 
to the impact of a blast wave whose duration is long compared to 
the period of vibration of the structure. 

5.16 

Figure 5 

I 500 1000 5 to 50  100 
PEAK PRESSURE (SIDE-ON) OF INCIDENT SHOCK WAVE ( p s i )  

.16. Reflected pressure, stagnation pressure, and drag pressure 
tions of peak pressure of incident shock wave. 

as func- 

THE EFFECT OF ANGLE OF IMPACT OF SHOCK WAVE 

5.17 The impact of the blast wave on a surface at  angles other 
than normal might be expected to  produce a different reflected pres- 
sure and consequently a different force on the surface than would a 
head-on impact. Such is, indeed, the case, but the differences in 
pressure are rather small and almost inconsequential up to angles of 

4 The drag pressure pa is equal to cd us p, where cd is the coefficient of drag, u is the particle velocity, 3nd 
p the deusity; the quantity plotted in Fig. 5.16 is pa/ca. If cd were unity the ordinates would give the drag 
force per unit area of the structure. 
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incidence of the order of 40’. At  this angle, which corresponds 
roughly to the extreme angle a t  which regular reflection gives way 
to Mach reflection ( 5  3.50), there is a change in the character of the 
effect; the pressure then changes quite rapidly toward the “side-on” 
pressure which wiU be that experienced by the surface when it is 
parallel to the direction of motion of the blast wave. Tha character- 
istics of these changes of reflected pressure with angle form a subject 
of considerable interest to investigators since certain features of the 
effect have not been satisfactorily e~plained.~ 

Reference to Fig. 5.18, which gives the reflection coefficient 5.18 
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Figure 5.18. Reflection coefficient as function of angle of incidence for 
different strengths. 

shocks of 

(0 3.60) as a function of the angle of incidence of the shock wave, 
shows certain regions of the curve in the vicinity of the extreme 
angle as dotted. These dotted regions were placed on the figure 
mainly to show which curves join together. They are not intended 
to indicate anything other than very approximate values of the pres- 
sures, since the hydrodynamical phenomena in this region are not a t  
stll well understood. The detailed explanation of the nature of these 

-6 L. cf. Smith, “Photographic Investigation of Plane Shocks in Sir”, OSRD Report No. 6271 (1945). 
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curves is the same as that given in Chapter 111, dealing with the 
reflection of the shock wave from the ground when the bomb is det- 
onated in the air. The formation and growth of a Mach Y, when the 
extreme angle of incidence is exceeded, is characteristic of this class 
of reflection phenomena and serves to complicate the nature of the 
diffraction effects associated with the passage of a blast wave about 
a structure. Even though the effects may be changed in detail, it is 
not believed that any profound changes in the magnitudes or durations 
of the quantities will occur to invalidate the approximate analysis 
given previously, if allowance for the reflection coefficient is made 
according to Fig. 5.18. 

THE VARIATION OF THE PRESSURE WITH TIME 
5.19 The variation of the pressure behind the shock front with 

time over a limited pressure region may be represented by a simple 
empirical equation of the form (cf. equation (4.11.1)) 

p ,  =pg” (1 - t/to) e-I Itit (5.19.1) 
where p ,  is the overpressure in the shock wave at  the time t ,  pg“ is the 
peak overpressure (side-on), and to is the duration of the positive 
phase of the blast wave. 

This equation gives the approximate form of the variation of 
pressure behind the shock front for blast pressures not exceeding about 
25 pounds per square inch. While it is not exact, it may be sficiently 
good to allow a designer to estimate the drag and stagnation pressures 
on a structure after the wave has been diffracted, using the simplified 
theory given above. More accurate semiempirical formulas €or the 
pressure-time relation can be written; however, their form is somewhat 
more complicated and their use is probably not warranted in rough 
calculations.6 

5.20 

6 A formula given by L. 0. Friedrichs (“Formation and Decay of Shock Waves”, Inst. of Math. and 
Mech., New York University, IMM-NYU-158) for a plane blast wave, modified to take account of the di- 
vergence of a spherical wave front, gires at low pressures a more arcurate representation of the pressure as 
a function of time in the positive phase of the wave than does equation (5.19.1). This modified formula 
may be written as 

35 ,J 
9 x  z= -- - (l+% u), 

where 

and 
0 0  = [( 1+ g qx)”4-1]. 

In these equations Zo has the same sienifioance asin Fig. 5.18, 2 is equal to P,/P, z is t / t 0 ,  and 1 is the 
scalingfxtor f§ 8.17) equal to ( T / p P 9 ,  where r ft. is the distance from the explosion, and Wis the energy 
yield expressed in pounds of TNT. 
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5.21 The values of the expected duration (to) of the positive phase 
of a shock wave from an air burst of a nominal atomic bomb can be ob- 
tained from Fig. 3.13e. These values may be used in the formula for 
the pressure-time relation to  give the shape of the shock wave at  any 
distance up to 2 miles. It must be remembered, however, that the 
pressures on a structure will be dependent on its size and orientation 
Telative to the wwe front &s well as OII the presswes in the wive itself. 

In  Fig. 5.22, which can be derived by combining Figs. 3.13b 5.22 
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Figure 5.22. Shock velocity, sound velocity, and particle velocity behind shock 
as function of shock pressure. 

and 3.13c, is shown the shock velocity, particle velocity (equal to  the 
wind velocity), and the speed of sound behind the shock as a function 
of shock pressure. These values, which are based on a nominal sound 
velocityinfreeairof 1,130 feet per second, may be useful in determining 
the approximate pressure-time curve for a given structure following the 
method used tc derive Figs. 5.10 and 5.15. 

BLAST DAMAGE CRITERIA 

5.23 The relatively long duration of the blast wave from an atomic 
bomb, which is of the order of a second, compared with a few milli- 
seconds for a conventional bomb, introduces a significant modification 
into any calculations of damage radii that may have been derived from 
extrapolation of data from conventional high-explosive bombs. Due 
to the eomparztively !arge size of the structures relative t o  the h g t h  
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of the blast wave of ordinary bombs the impulse received by the struc- 
ture is very nearly proportional to the impulse of the incident blast 
wave. This comes about because the relief of pressure afforded by the 
diffraction effects from the edge arrives too late to  be effective, and the 
pressure on the face is proportional to the pressure in the shock wave 
itself. Consequently, the building receives practically the full impulse 
of the blast. 

In the case of the atomic bomb this situation does not hold, 
since the comparatively great length (about 1,000 feet) of the blast 
wave relative to the dimensions of ordinary structures permits the full 
effects of diffraction to come into play. As a result, the variation with 
time of the pressure incident on the face of the structure is governed 
by the diffraction effects from the edges. The inipulse received by the 
structure is, consequently, a function of the size of the structure and 
of the peak pressure (Fig. 5.10), rather than being proportional to the 
impulse of the incident blast wave. 

From this point of view it appears that an actual building 
which fails when subjected to a prescribed impulse in a time which is 
short compared with the duration of the positive phase, will actually 
fail while being subjected to the stresses induced by an essentially 
constant pressure. A relatively -large building with a strong wall 
facing the blast will not fail according to a peak pressure criterion 
but will follow a different criterion, that of impulse (0 4.12). Viewed 
in another way, the structure is always destroyed by the impulse it 
actually receives from the blast wave, but a large enough bomb 
continues to maintain pressure in a region long after the structure is 
destroyed. I t  can be shown that for these long blast waves the total 
translational impulse received by the structure is roughly propor- 
tional to the volume of the structure when other conditions are 
constant. 

5.26 I t  should perhaps be mentioned that even though impulse 
causes failure, no amount of impulse will be effective if the pressure 
associated with it is below a critical value. As the structure becomes 
larger and weaker the damage criterion changes from the requirement 
that the peak pressure exceed a critical value to the requirement that 
both the peak pressure and impulse available from the blast must 

- exceed critical values. However, the peak pressure criterion is 
generally valid under the conditions which optimize damage in the 
air burst of an atomic bomb, because most buildings are relatively 
small. 

5.27 An interesting point arises in connection with the damage 
criteria considered above relative to the area of blast damage due to 

5.24 

. 

5.25 
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an air burst. dccording to the scaling laws in Chapter 111, the dis- 
tance at which a given overpressure is achieved in an explosion varies 
roughly as the cube root of W, the energy release. The area over 
which the shock pressure exceeds a certain value, say 10 pounds per 
square inch, is thus approximately proportional to T P .  If the peak 
pressure is the criterion of damage, as it is for atomic bombs, because 
of the length of the shock wave, then the area of destruction may also 
be supposed to vary as W”. In  other words, if the energy release 
of the bomb is doubled, the blast-damaged area is increased by 236, 
i. e., by a factor of less than 1.6. 

If the impulse were the blast damage criterion, the effective 
radius of the bomb would increase more rapidly than W%. Dimen- 
sionally, impulse involves the product of pressure and time (0 4.12), 
and not only will the distance for a given pressure increase, but the 
time wid also increase with the energy release of the bomb. Experi- 
mental data with ordinary high explosives indicate, in fact, that the 
radius of damage, where impulse is the criterion, varies roughly as 
W34. L4 doubling of the energy release would thus mean an increase 
by a factor of about 1.6 in radius and 2.5 in the area of blast damage. 

It is apparent that, in thk respect, the atomic bomb is at 
somewhat of a disadvantage as regards the increase in destructiveness 
mith the size, i. e., energy release, of the bomb. It might seem to be 
more economical, from the standpoint of blast damage, to use less 
p~werh1, b~mbs, with shorter wn-e- lengths, sc) that the ixpulse, 
rather than the peak pressure, is the determining factor. However, as 
seen in 5 1.43, the quantity of fissionable material in an atomic bomb 
must exceed a certain critical amount if it is to be at  all effective, 
so that it does not appear to be possible to  take advantage of this 
impulse criterion. 

GROUXD SHOCK DAMAGE 

5.28 

5.29 

5.30 The burst of an atomic bomb in the air at  such a height as 
would be expected to  give maximum air-blast damage would exert a 
fairly large reflected pressure, of the order of 25 t o  50 pounds per square 
inch, on the ground directly underneath the burst. This pressure 
would not be relieved by diffraction and would consequently exist for 
a period of time equal to  the duration of the blast wave itself, although 
the rate of decay with time would be more rapid. Such a loading 
suddenly applied t o  the ground surface would cause it to  act to some 
extent as would a bowl of jelly were a finger to be placed rather gently 
but suddenly in the center. The surface waves radiating out from the 
center produce what is termed ground roll, which, for an air burst, is a 
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somewhat minor oscillation of the surface sufhient to be felt but 
insficient to cause any damage. However, the pressure acting on 
the earth’s surface will be transmitted downward, with some attenua- 
tion, to any superficially buried object in the ground. These pres- 
sures might damage certain structures buried at a shallow depth. 
Some air-raid protective structures may fall in this category, but they 
could be designed to withstand the pressure if desired. 

In  general, it can be said that the ground shock effects from 
an air-burst bomb will probably be negligible at a distance, and that 
even directly underneath the burst, moderately strong underground 
structures wi l l  not be appreciably affected. Certain public utilities, 
such as sewer pipes and drains, at shallow depths may be damaged by 
the earth movement, but metal pipe would probably not be disrupted 
except where exposed to air blast. 

5.31 

FACTORS INFLUENCING BLAST EFFECT 
5.32 The general effect of blast on structures varies with a number 

of factors. First, the pressure-time curve for the structure as a whole, 
or for a particular element being investigated, must be known. As 
described in the preceding sections of this chapter, the pressure-time 
curves will be dependent upon the distance from the explosion, the 
direction and vertical angle from the-explosion, the shape and size of 
the structure, and the equalization of pressure by local failure. Next. 
must be considered the response of the structure and its various 
elements to  the applicable time-pressure curve. There are two 
general approaches to  such an investigation. The first method is to 
analyze the structural frame or elements elastically and determine their 
periods of vibration and response to the applied loads. This will 
indicate whether the structure will be strained beyond the elastic 
limit, and something of the probability of failure. If, however, the 
structure is strained beyond the elastic limit it no longer behaves 
elastically; plastic deformation occurs and this is of vital interest in 
determining whether the structure will survive. The capacity to 
absorb blast energy beyond the elastic limit is far greater than that 
within the elastic limit; consequently, the second method, namely, 
analysis of the plastic re$ponse, is more important if some deformation 
can be accepted. 
5.33 A more detailed consideration is essential if a reasonable 

approach is to be made to an analysis of existing structures and to the 
siibject of design to withstand blast effects. I n  order to facilitate this 
analysis, the various factors governing loads resulting from air blast 
will be examined. 
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(a)  Distance.-The peak pressure varies with distance as shown in 
Fig 3.13b; further, as stated earlier, particularly in Chapter 111, 
at  a distance determined by physical factors involved there is 
produced a Mach effect which increases the blast pressure. 

( b )  Height of Burst .4utside the region in which the Mach effect is 
operative, the vertical angle formed by a h e  to the exylosion 
and the horizontal plane will have a marked influence on damage. 
With increasing vertical angle there will be increased roof loads 
and a smaller lateral component. At greater distances from the 
point of burst the lateral component will assume greater signifi- 
cance. It may be presumed that the height selected for the burst 
will depend upon the resistance of structures and other elements 
related to the effects of the blast ( 5  3.68 et seq.). 

(e)  Direction of Blast.-The direction from which the blast comes will 
affect the loading on the structure. For example, a long buildmg 
with the blast normal to the long dimension would receive quite 
a different loading than would be the case if this dimension were 
in the direction of the blast. The angle made by the blast front 
with the m-alIs of the structure d also influence the results. 

(dj Form I"actors.--T'ne shape and size of the structure toill be major 
factors in affecting the loading. The width of the exposed face 

-&-a re&awga4a~ S&RE&IEF+ +dl determine the time required to 
reach the ststpation presswe ai t h e  center, i. e., tl (Fig. 5.?8), 
and the length of the structure along the radius from the explo- 
sion will determine the time required for the shock wave to pro- 
ceed from the front to the back facc, i. c., (tz-tl); the width of 
the back face will establish the time for the waves proceeding 
from each side to meet, i. e., (&-t2). If,instead of beingrectan- 
gular, the shape were rounded, somewhat less time will be re- 
quired for the various stages described above. IVhen the condi- 
tion has been reached where drag forces predominate, good 
aerodynamic forms will reduce these forces materially. 

In connection with the above, it will be of interest to consider 
the effect of the blast waves on different kinds of structures and 
structural elements.' In the case of the building 75 feet square 
and 38 feet high, the pressure-time curve has already been devel- 
oped (Fig. 5.10). For a relatively slender structure, such as a 
smokestack or the chord of a bridge, the f i s t  two phases will 
occur in a very short spack of time, and from then on the drag 
force only need be considered. This brings up the question of 
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form factors of smaller elements. The drag on various structural 
shapes due to the wind caused by the explosion is not readily 
available and will have to be estimated in the absence of wind- 
tunnel tests. However, it is believed that the interest in aero- 
dynamic effects may result in such information being developed. 

(e) Pressure Equalization.-There are certain portions of structures 
that-are much less resistant to blast than others. Window panes, 
light siding, and other weak elements will fail in a very short 
space of time. When this occurs the pressure will tend to equalize ' 
on the inside and the outside of the structure, thus reducing the 
effect on the structure as a whole. 

There are certain modifying factors in addition to those 
listed above which must be considered in particular cases, viz, 
(a) the shielding effect of.structures which lie between the source 
of blast and the building under consideration, and ( b )  the reflec- 
tion of blast pressure under certain circumstances which involve 
large flat areas adjacent to the structure. It is intuitively obvi- 
ous that the degree of shielding provided by a structure is a 
function of its size and proximity to the shielded object, but a 
quantitative evaluation of this factor for a given geometrical situ- 
ation is less obvious. In the case of such longduration blast 
waves as are produced by an atomic explosion, the main effect of 
a shielding structure of moderate size will be to reduce the impac- 
effect of the blast and the blast wind. This reduction will prob- 
ably be appreciable only if the distance to the shielding structure 
is less than two or three times the height or width of the shielded 
object, depending on which of these is the smaller. 

Where the radial distance between structures is less, trhe net 
translational force on the building may be reduced by a factor which 
is dependent on the size and shape of the shielded structure. Por 
example, a long structure lying parallel to the blast, which has its 
near end shielded by a structure of comparable size but reasonably 
close, will experience a translational force which is not verydzerent 
from that experienced by the shielding structure if allowance for 
differences in radial distances is made. The reason for this is that 
the diffracted pressure between the structures builds up nearly to 
the stagnation pressure experienced by the shielding structure before 
the blast wave reaches the end of the shielded structure. If this 
structure were very short radially, so that the blast wave reached 
the end very soon after the onset of pressure, the translational 
force would be appreciably less. In either case, the net compressive 

5.34 

5.35 
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or squeezjllg force on the strucbure would be modiGcd relatively little 
by the presence of the shielding structure. 

The conciusion to be reached is that i~ the case of the long- 
duration blast waves from an atomic bomb, the shielding due to 
adjacent structures is much less important than it is in the case of 
explosions of cor,ventional bombs There the size of the building 
relative to the length of the blast wave is much larger. The greater 
height of burst of the atomic bomb will also tend to reduce the shield- 
ing effect of one building on another, especially a t  relatively short 
distances from ground zero. The observations made in Japan after 
the atomic bomb explosions support these general conclusions. 
Special cases of shielding of one structure by another, and of shielding 
due to topography of the land in Nagasaki will be referred to later 
(Q 5.48 et seq.). 

The effect of i'ef!eciion of presswe from adjacent structures 
is not very important, except in a few instances when the vertical 
angle of the blast wave is such as to trap the blast in deep narrow 
canyons formed by high buildings in certain streets in very large 
cities. Similar large vertical angles may cause a downward direct 
blast presscre, foBowed by a reflection of the blast, over water sur- 
faces, in such a way as to load bridges, hrst i~ a domst-ad and then 
in an upward direction, thus initiating a vibration cycle which may 
result in failure. 

The secmd csnsiderafion ia d e t e m ; k b g  probability of d a m  
age is that of the response of the structure. The factors affecting 
resistance to damage are believed to be the following: 

(a) Rigidity.-The greater the resistance offered to deformation the 
greater the energy required to produce damage. For example, a 
building designed for earthquake resistance, stiffened by dia- 
phragm walls and having continuity at joints, will be less damaged 
than one designed for a conventional wind load. 

( 6 )  Redundancy.-Portions of the structure not ordinarily considered 
in design, that will nevertheless resist deformation of the struc- 
ture, may play a large part in reducing damage. 

Con- 
sequently, the more ductile the materials the greater the possible 
deformation without failure. 

With this brief discussion of the relevant factors, an analysis 
may now be made for two conditions, namely, elastic and plastic 
deformation. 

5.36 

5.37 

(e)  Ductility.-Damage involves plastic deformation generally. 

5.39 
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(a) Elastic Deformation.-The period of application of load resulting 
from the explosion of a nominal atomic bomb will be, in general, 
many times the natural period of vibration of the structural 
elements and may be substantially greater than that of the entire 
structure. If. the pressure-time relation and the periods of the 
structural elements are known, it is possible to determine the 
maximum stresses. Tests indicate that under dynamic load 
conditions somewhat higher stresses are permissible than under 
static load. For reinforced concrete, for example, preliminary 
information shows that the factor may be 1.3 times the stress 
permitted for an equal static load. Thus, it  is possible to deter- 
mine whether a structure will withstand elastically a given dy- 
namic load by calculating the stress, and determining how it 
compares with the static elastic %it multiplied by 1.3. 

( b )  Plastic Deformation.-The foregoing method is useful if permanent 
deformation cannot be accepted. It seems unlikely, however, 
that such an assumption is justifiable in view of the tremendous 
forces involved and the fact that repeated damage in any one area 
is unlikely. From a military standpoint, for example, it has been 
concluded that deformation which did not prevent a tank or ship 
from operating successfully was acceptable. Similarly, in a pro- 
tective structure it has been considered that damage which did 
not interfere with its continued effective use was permissible. 
What will be acceptable in the case of buildings, bridges, and other 
structures is an individual problem. It is clear, in any event, that 
deformation to the point of imminent collapse is definitely un- 
desirable, but in each case some lesser deformation will be accep- 
table. Hence, it seems more logical to base analysis of probable 
damage on plastic deformation to some established limit. It 
must be determined how the structure would deform after passing 
the elastic limit as a result of a given loading and what the resist- 
ing forces would be. 

During the period of application of the blast, when the blast 
force exceeds the resisting force, the structure would be accelerated. 
Knowing the applied and resisting forces, the period of applica- 
tion of such forces and the mass, it is possible to calculate the 
velocity a t  the end of the period of acceleration. Conversely, 
knowing the momentum and resisting forces at the end of the ac- 
celeration phase, the time required to come to rest can be calcu- 
lated. From these calculations the total deformation will be 
established. Should such deformation be witbin the limits set by 
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separate investigation of acceptable damage, then the structure 
may be considered to have satisfactory re~istance.~ 

B. AIR BLAST DAMAGE: JAPANESE EXPERIENCE 

GENER4L OBSERVATIONS 

5.40 The discussion so far has dcalt mainly with the general 
principles of blast damage. The actual effects on buildings, bridges, 
utilities, and housing to be expected from the detonation of a nominal 
atomic bomb will now be considered. Information obtained from 
surveys of Nagasaki and Hiroshima will be used as a primary guide, 
but, reference will also be made to structures of types that were not 
found in the blasted areas of these cities. In addition, differences in 
construction practice, which affect the comparison to be made between 
Japan and the United States, will be taken into account. 

Before proceeding with the detailed descriptions, attention 
may be called to an important difference between the effects of an 
atomic bomb blast. and those due to a conventional, high-explosive 
bomb. tioon 

usually damage only part of a large structure, but the atomic blast 
can engulf and flatten whole buildings. Further, because the shock 
wave of an atomic explosion is of relatively long duration ( 5  5.2 
most structural failures occur during a small part of the positive phase 
while the pressure is essentially constant. 

An examination of the areas in Japan affected by atomc 
bombing shows that small masonry buildings were engulfed by the 
oncoming pressure wave and collapsed completely. Light buildings 
and residences were totally demolished by blast and fire. Manufac- 
turing buildings of steel construction were denuded of roofing and 
siding, and only the twisted frames remained. Nearly everything 
above ground at close range, except reinforced-concrete smoke stacks, 
was destroyed. Some buildings leaned away from ground zero as 
though struck by a hurricane of stupendous proportions. Telephone 
poles were snapped off at ground level carrying the wires down with 
them, and gas holders were ruptured and collapsed. 

Many buildings, that a t  a distance appeared to be sound, 
were found on close inspection to be damaged and gutted by fire. 

5.41 

Tae great power of the former. results in a anique d 
feature called mass distortion of buildings. An ordinary exp mill 

5.42 

5.43 

7 See Appendix -4. 
8 United States Strategic Bombing Survey, “The Effect ofthe Atomic Bomb on Hiroshima, Japan,” Vols. 

I, 11, and I11 (1917); “The Effect of the scomic Bomb on Nagasaki, Japan,” Vols. I, II, and III (1947j. 
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There were many evidences, in fact, of the effect of radiant heat in 
starting fires and in scorching and drying out materials that were not 
highly combustible. This aspect of damage due to an atomic explo- 
sion will be described more fully in Chapter,VI. Telephone poles 
were charred and granite surfaces were etched by heat and by the 
sand blasting due to the high winds carrying abrasive material. All 
vehicles at close range were damaged by blast and were burned out. 
Most important, in this connection, was that water pressure was lost 
by the breaking of pipes, mainly as a result of the collapse of buildings, 
thus greatly increasing the additional destruction by h e .  

5.44 It may be pointed out that certain structures were designed 
to be earthquake-resistant, which probably made them stronger than 
their counterparts in the United States, while other construction was 
undoubtedly lighter than that in this country. However, contrary 
to popular conceptions concerning the flimsy characteristics of the 
Japanese residences, it is the considered opinion of a group of highly 
qualified architects and engineers who surveyed the atomic bomb 
damage that the resistance to blast of American residences in gen- 
eral would not be markedly different from those in Hiroshima and 
Nagasaki. 

5.45 From the observations made in Japan it is possible to draw 
some conclusions relative to the blast damage to be expected at  
various distances from ground zero for an air burst of a nominal atomic 
bomb. These conclusions, based on the assumption that the height 
of burst is such as to inflict maximum damage ( 5  3.68) , are conven- 
iently summarized in the form of Table 5.45.9 It is true that substan- 
tial vaGations will occur because of differences,in building design and 
construction, and so the data in the table are based on a supposed 
“average value” for the strength of the structure. The inclusion of 
the values of peak (side-on) blast pressure, blast-wind velocity, and 
duration of the pressure phase of the blast wave gives a basis for the 
association of the different degrees of damage with the pressure and 
duration. This should provide a rough comparison of the theoretical 
calculations on structural resistance with actual observation. 

5.46 The various types of damage and the radii within which they 
may be expected to occur are given below: 
(a) Virtually complete destmction will occur out to a radius of approxi- 

mately one-half mile from ground zero, corresponding to an area 
of destruction of about three-quarters of a square mile. 

9 The values of wind velocity, duration of shock wave, and peak overpressures at various distances, ob- 
tained by calculation and extrapolation from data for TNT bombs, are for an assumed height of burst of 
2,000 feet over a flat terrain (ef. Fig. 3.72). Approximate estimates of peak pressures made in Japan some 
time after the explosions are in fair agreement. 
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TABLE 5.45 

nfilrr' Fm Dam0p 

~ <Limit of light damage at 0 milo. 

12,000-Light damage to window frama and doon, modmare plaster d-gq corn- 
plrte window damage. 

11, WO-Flash charring of tclcgraph p o k  Roo' and .*all cavcrin~ on -tccl f:amc 
building damagcd. 

-Partial damage to s t r w t w a  in amp. 

10,WO-Blast damage to majority of horns. Scvcrc fire damage expected. Flak 
ignirion of dry combustiblc materials. 

I 2.25 

9W3-Hcevy plastcr damage 

-Moderate damage to arca 

0WO+Sc,cre damagc to homn, hcary damage to window framri and doon, 
foliage rorchcd by radiant he=% 

-Stmctural damage to rnulurtorv brick biuldingr 

Sncrc damage to c n t m  area 
Sevcrc structural damage to sled frame building 9-mch brick *din 
modcratcl) cracked 

6 W 0 4  

-Elrrtncal inrtallatronr a m  frolic) cars dstroycd 
-Muttstory brick building complctcly dcrtroycd 

5000-12 tnch brick walls rc\crcly cracked 

-Srccl frame building dotrorcd (mas distortion of frame) 
-Light concrete buildings collapwd 

4000-Rrinforced concre~e smoke stack with 8-inch walk ovcrtuincd. 
-Roof f i l a  bubbled (melred by heat). 

-10-inch brick walk complctcly dcrtroycd. 

3000 

Virtually complete destruction of all buildings, other than reinforced con- 
e-crcfe aseirmic daign. 

Limit of IEYC~C structural damage to carthquakc-rcirrtant rrinforced con- 
2000- urtc buildmgr. i Rcinforccd concrete building collaprcd, I s i n c h  walls, &inch floor. 

-Mass distortion of heavy stccl frame buildings. L a s  of roofs and pmcb. 

IOOO-Dccki of rrcrl plate girdrr bridge shift laterally. 
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( b )  Severe damage, defined as major structural damage that would 
result in collapse or liability to collapse of the building, will occur 
out to a radial distance which is slightly in excess of 1 mile from 
ground zero. This corresponds to an area of 4 square miles in 
which the damage ranges from severe to destructive. 

(c) Moderate damage, short of major structural damage but sufficient 
to render the structure unusable until repaired, will occur out 
to a radius of about 158 miles, giving an area of 8 square miles 
in which the damage ranges from moderate to destructive. 

( d )  Partial damage, will be inflicted- out to a radius of approximately 
2 miles, adding 4 additional square miles of damage area, and 
making a total of 12 square miles subject to some degree of dam- 
age in excess of plaster damage and window destruction. 

( e )  Light dcmage, which is mostly plaster damage and window break- 
age, may extend out to a radius of 8 miles or more, giving a light 
damage area of the order of 200 square miles. Actually these 
distances, a t  which window and light plaster damage will be 
inflicted, vary appreciably with the meteorological conditions 
a t  the time of the detonation and may be considerably greater 
under conditions which provide a temperature inversion in the 
lower atmosphere.l0 

The data given above are for the explosion of a nominal 
atomic bomb with an energy release equivalent to that of 20 kilo- 
tons of TNT. As stated in § 5.26, since the peak overpressure of 
the shock wave is the criterion of blast damage for an atomic bomb, it 
may be supposed that the limiting distances from ground zero for 
various types of damage, especially the larger distances, will vary 
approximately as the cube root of the energy of the bomb. The 
distances in Table 5.45 for various kinds of damage would thus have 
to be multiplied by (W/20)” to give the approximate effects to be 
expected from an atomic bomb of W kilotons TNT equivalent energy 
release.” 

li 

5.47 

10 In the Report of the British Mission to Japan on “The Effects of the Atomic Bombs at Hiroshima and 
Nagasaki”, it was estimated that in a British city, such as London, the Nagasaki bomb would have (1) 
caused complete collapse of normal houses to a distance of 3,000 feet from ground zero, (2) damaged beyond 
repair out to 5,21H) feet, (3) rendered uninhabitable without extensive repair out to 7,920 feet, and (4) rendered 
uninhabitable without minor repairs out to 13,200 feet. 

11 The results are shown in Fig. 12. 13, where the energy release, in terms of TNT, is plotted against the 
distances at which moderate (2.7 psi) and severe (5.2 psi) damage may be expected. 
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EFFECT O F  SHIELDiXG 

5.48 The general experience in Japan provides support for the 
view expressed in 5 5.36, that the effect of one building in shielding 
another from blast damage due to an atomic bomb would be small. 
There was some slight evidence of such shielding, for example in the 
medical scheol io Nagasaki, where a group of buildings apparently 
afforded each other mutual protection, but on the whole the shielding 
of one buildhg by ancther was not appreciable. An interesting case 
of indirect shielding by a structure wgs observed in connection with 
the workers7 houses to the north of the torpedo plant in Nagasaki, and 
about 6,000 to 7,000 feet from ground zero. The damage to these 
houses was not nearly as bad as was sufiered by other houses which 
were i,oo0 feet or inore further from the cxplosion. It seerm that 
the destruction in the torpedo plant had weakened the blast somewhat, 
and its full power was not restored until it had progressed some dis- 
tance ahead. 

Several instances of shielding were noted in Nagasaki due 
It was partly the shielding by 

5.49 
ence of hills (Fig. 5.49). . 

that the atomic bomb used in the former case was not less powerful. 
However, the hills provided effective shielding o 
that the blast pressure was becoming critical 
ture, that is, when the pressure was barely suecient to  cause its 
collapse. 

5.50 Houses built in ravines at Nagasaki pointing well away from 
the center of the explosion were essentially unharmed, but others at 

. similar distances in ravines- pointing toward the explosion were 
severely damaged. In a small hamlet to the north of Nagasaki, about 
8,000 feet from ground zero, a distinctive variation in the intensity 
of damage could be seen corresponding with the shadows thrown by a 
shstrp hill. 

5.51 A striking example of shielding was provided by a hill about 
8,000 feet southeast from the center of the explosion in Nagasaki. 
Here the buildings, which were of the European type, were on the 
reverse side of a steep hill, and the damage was light, mainly to 
plaster and windows. At the same distance to the south-southeast 
of the city, where there was no shielding by hills, the destruction was 
considerably greater. All window frames, wfndows and doors were 
damaged; there was also heavy plaster damage and cracks appeared 
in brickwork. 
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Figure 5.49. Upper photo: Residential areas at Nagasaki shielded by hills (bare 
area in foreground is a firebreak). Lower photo: Similar residential area, not 
shielded, reduced to  rubble. Roadway was cleared of debris before the 
photograph was taken. 



LONG-RBNGE BL&T D A M A G E  

5.52 One of the curious features of blast damage caused by a 
large explosion, not necessarily that of an atomic bomb, is that appre- 
ciable effects are sometimes observed at  considerable distances from 
the bomb burst, while some intermediate regions are largely unaffected. 
It appears that under suitable meteorological conditions, there is a 
focusing of incident and various reflected shock waves which may 
result in causing blast damage at  certain points as far as 50 miles from 
the explosion. Some of the necessary conditions appear to be tem- 
perature inversion (0 2.27, footnote) at  a relatively low altitude, surface 
winds of low velocity, and a region of high atmospheric pressure. 

Long-range blast damage was observed, to some extent, as a 
result of the atomic bombing of Japan. For example, the barracks 
sheds at Kamigo, nearly 5 miles south of ground zero in Nagasaki, 
coliapsed t o  ground ievei, although other buildings close by remained 
completely intact. In  Hiroshima, the general limiting radius for the 
displacement of roof tiles was about 8,000 feet from the bomb burst, 
but some cases of displacement occurred as far out as 5 miles. 

5.53 

MULTISTORY REINFORCED-CONCRETE FRAME BUILDIKGS 

5.54 In the preceding paragraphs the discussion of damage has 
been somewhat general in nature. Consideration will now be given 
to the kind of damage inflicted on specific types of structures. There 
were many multistory, reinforced-concrete frame buildings in Hiro- 
shima and a smaller number in Nagasaki (Figs. 5.54 a and b). They 
varied in resistance to blast damage according to design and construc- 
tion, but generally suPered remarkably little damage, particularly 
those' designed for resistance against earthquakes. After the severe 
earthquake of 1923 a code was established for all new construction 
to reduce earthquake damage. The height of buildings was limited 
to 100 feet and design for a lateral load of 0.1 times gravity was re- 
quired. In addition, the recognized principles of stiffening by dia- 
phragms and improved framing to provide continuity were specified. 
The more important buildings were well designed and constructed 
according to the code, but some were built without much regard for 
its requirements. 

Close to the explosion the vertical component of blast was 
more important so that there was heavy damage caused by the 
downm-ard force exerted on the roof. Depending upon its strength, 
the roof was pushed down and left sagging or failed completely. The 

5.55 
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Figure 5.54a. Upper  photo: Reinforced-concrete frame building, 700 feet from 
ground zero, 2,100 feet from point of explosion; external walls intact. Lower 
photo: Interior of above burned out; note sagging of roof and spalling of plaster 
by fire. 
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Figure 5.5413. Upper photo: Reinforced-concrete frame building, 5,300 feet from 
Lower photo: Interior of above practically undamaged, except ground zero. 

for wiindows. 
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remainder of the structure was less damaged than similar buildings 
further from ground zero because of the smaller horizontal force. 

5.56 At greater distances the lateral force was proportionately 
greater and produced the following effects: 

(a)  Failure of the roof slab by lateral compression causing it to buckle.- 
This was apparently caused by the force applied to the side of 
the building which in turn was transferred to  the roof tending to 
push it back. Since the roof was restrained by connections to 
less affected portions of the building, it failed in compression 
(Fig. 5.56a). 

Figure 5 . 5 6 ~ .  Reinforced-concrete building, about 1,700 feet from ground zero, 
showing cracked roof slab and parapet walls. 

A similar failure in jloor systems.-Failure usually occurred in the 
bay between the first row of interior columns and the affected 
wall (Fig. 5.563). Buckling was usually upward. 

Cracking of concrete and overstressing of concrete and steel at haunches 
and connections.-This effect was' apparent in a large number of 
buildings and is readily explained by the tremendous lateral force 
applied (Fig. 5.56~) .  
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Figure 5.56b. Buckling and cracking of beams in reinforced-concrete building, 
about 1,700 feet from ground zero. 

Figure 5.56~. Second floor of reinforced-concrete frame building, 1,900 feet from 
ground zero, showing fractured third-floor beams, and failure of columns at 
windows, 
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(d) Failure of columns by shearing action.-Columns in the first 
story were cracked diagonally (Fig. 5.56d). This was probably 
caused by the higher shearing force in the first story resulting 
from the lateral pressure on the building. 

Figure 5.56~2. Typical examples of column failure in reinforced-concrete frame 
building, 1,900 feet from ground zero. 

Failure of extepior walls,-On the side toward the blast, walls 
were dished inward. The degree of such action dependcid upon 
the distance from ground zero and the strength of the wall. I t  
was also affected by pressure equalization resulting from failure 
of windows (Fig. 5.56e). 

Failure ofJEows.-Floors were most affected by direct blast in 
those cases where pressure equalization was not possible. For 
example, the floors over inclosed basements were pushed down- 
ward when higher floors were undamaged (Fig. 5.56f). 

Miscellaneous ejects.-In addition to the structural damage 
described above, there was heavy damage to  false ceilings, plaster 
and partitions. Such damage occurred in varying degrees out 
to a distance of 12,000 feet in Nagasaki. Glass window panes 
were broken up to the same distance. Brick and other facings 
from buildings were blown off, even when the structures them- 
selves were not seriously damaged. These effects are extremely 
important because of the large number of casualties caused by 
missiles and flying glass, and-blockage of the streets by debris 
(Fig. 5.56g). 
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Figure 5.56e. Reinforced-concrete frame building, 5,900 feet from ground zero, 
showing crushing of concrete panel walls on side facing the explosion. 
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Figure 5.56f. Reinforced-concrete building, 1,500 feet from ground zero. Floor 
slab and beams of first floor collapse& into basement. 

Figure 5.56g. Debris blocking streets after the atomic bomb explosion at 
Hiroshima. 
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MULTISTORY STEEL-FRAME BUILDINGS 

5.57 There was only one building of this type on record (Fig. 5.57). 
This was in Nagasaki at a distance of 4,500 feet from the bomb burst. 
The only part of the structure not classified as being of heavy con- 
struction was the roof which was of thin concrete supported by unusu- 
ally light steel trusses. The downward failure of the roof, which was 
dished 3 feet, was the only structural damage in the building. 
Reinforced-concrete buildings at  the same distance were also undam- 
aged, but there is insufficient evidence to permit conclusions to be 
drawn as to relative resistance of the two types of construction. . 

I i iDUSTRIAL BUILDINGS -4KD EQUIPMEKT 

5.58 In Nagasaki bhere were m a g  steel buildings used for m m w  
facturing, and these were generally of the shed type, with some of 
the sawtooth design (Figs. 5.58a and b). Roofs and siding were of 
corrugated sheet metal or of asbestos cement. In some cases there 
were rails for heavy gantry cranes, hut generally cranes were of low 
capacity. Construction m-as generdy coniparable to that in the 
United States. The first effect of blast was to strip off the siding 
and roof material, but since this did not occur instantaneously, a large 
impulsive force was applied to the frame. Severe damage occurred 
up to a distance of 6,000 feet. 

There were several types of failure of such structures. Close 
to the explosion the buildings were pushed over bodily, and at greater 
distances they were in many cases left leaning away from the source 
of the blast (Fig. 5.58a). The columns being long and slender offered 
little resistance to the lateral iorce. Sometimes columns failed by a 
combination of lateral force, causing flexure, a t  the same time that an 
increased downward load came from the vertical component of blast 
on the roof. Roof trusses were 
buckled by compression resulting from blast on the exposed side of 
the building. 

A difference was noticed in the effect on the frame depending 
upon whether a frangible material, like asbestos cement, or a material 
of high tensile strength, such as corrugated sheet iron, was used for 
roof and siding. Asbestos cement broke up more readily and trans- 
ferred less force t o  the steel frame with less structural damage. 

Fire produced heavy damage to unprotected steel members 
so that it  was impossible to tell exactly what the blast effecthad been. 
Ln gezera!, $he stgel frimes were badly distorted md w d d  hsve 

5.59 

This caused buckling and collapse. 

5.60 

5.61 



PEITSICsL DAMAGE 148 

Figure 5.57. At left and somewhat back of center is shon-n the only multistory 
steel-frame building exposed to  atomic bombs. It mas in Kagasaki, 4,500 
feet from ground zero. 
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Figure 5.58a. Light steel-frame industrial building, 1,800 feet from ground 
Corrugated iron roof and wall sheathing were stripped by the biast, zero 

and the combustible contents destroyed by fire. 

Figure 5.5813. Industrial building with sawtooth roof truss, about 5,000 feet 
from ground zero. Damage by blast and fire was severe. 
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been of little use even though siding and roofing material had been 
available for repairs. 

In  some industrial buildings wood trusses were used to sup- 
port the roofs. These were more vulnerable to blast because of poor 
framing and connections and were readily burned out by fire. Con- 
crete columns were employed in some cases with steel roof trusses; 
the columns were more resistant to buckling than steel because of 
the smaller length-to-diameter ratio. 

Damage to machine tools (Fig. 5.63) was caused by debris in 
reinforced-concrete sheds in particular, by fire in wood-frame struc- 
tures, and by dislocation and overturning caused by damage to the 
structure. In many cases the machine tools were belt-driven, so that 
the'distortion of the building pulled the machine tool off its base, 
damaging or overturning it. 

Stacks are of special interest (Fig. 5.64). Those of reinforced 
concrete were particularly resistant to blast; this can be accounted 
for by their shape and size, which permitted the blast to equalize 
quickly, their long period of vibration, and their strength. Steel stacks 
performed fairly well: but being lighter in weight and subject to crush- 
ing were not comparable to reinforced concrete. Well constructed 
masonry stacks also withstood damage reasonably well. 

5.62 

5.63 

5.64 

BUILDINGS WITH LOAD-BEARING WALLS 

5.65 Small buildings of this type with light walls collapsed. 
Larger buildings with cross walls and of somewhat heavier construc- 
tion were more resistant but failed at distances up to 6,200 feet (Figs. 
5.65s and bi. Cracks were observed at the junction of cross walls 
and side walls when the building remained standing. It is quite 
apparent that this type of building possesses none of the characteris- 
tics that would make it resistant to collapse when subjected to heavy 
lateral load. 

TIMBER-FRAMED BUILDINGS AND HOUSE~~G 

5.66 While the quality of the workmanship in framing wood build- 
ings was high, little attention was paid to engineering principles. 
Mortise and tenon joints were weak points and connections in general 
were poor fFig. 5.66a). Timbers were dapped out excessively or 
splices were put in improper locations. I n  general, the construction 
was not well adapted to resist wracking action. Housing collapsed 
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Figure 5.63. Steel-frame light engineering shop, 3,300 feet from ground zero. 
Machine tools rendered useless by fire, blast, and debris. 

R8.1333 "--60-ii 
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at Nagasaki up to a distance of 7,500 feet and there was structural 
damage up to a distance of 8,600 feet. Roofs, wall panels, a,nd parti- 
tions were damaged out to a distance of 9,000 feet (Fig, 5.66b). 

Figure 5.64. General view of area of destruction of engineering factory, about 
5,000 feet from ground zero, showing smokestacks still standing. 

BRIDGES 

5.67 There were a number of kinds of bridges exposed in Hiro- 
shima and Nagasaki. Those of wood were burned in most cases, but 
the steel-girder bridges suffered little damage. One bridge, only 260 
feet from ground zero, which was a girder type and had a reinforced- 
concrete deck, showed no sign of any structural damage. It had 
apparently deflected and rebounded, causing a slight movement. 
Other bridges at greater distances suffered more lateral shifting. A 
reinforced-concrete deck was lifted from the supporting steel girders 
of one bridge, due presumably to the reflected blast wave from the 
water below (Figs. 5.678, b, and c). 
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Figure 5.65a. Upper  photo: Building with load-bearing walls, 600 feet from 
Lower photo: Interior ground zero, 2,100 feet from the point of explosion. 

of above, showing buckling of wall and combustible material burned out. 
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Figure 5.65b. Upper  photo: Building with load-bearing walls, 5,200 feet from 
ground zero. Load-bearing wall away from the blast collapsed. Lower photo: 
Interior of above, showing damage due to blast- and fire. (Compare with 
Figure 5.5413 for a reinforced-concrete building at about same distance from 
ground zero ; both buildings were in Hiroshima.) 
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Figure 5.66a. Upper photo: Wood-frame building, 8,000 feet from ground zero, 
showing rupture of columns at points where windows or other horizontals were 
mortised in. Lower photo: Detail of above, showing typical column failure. 
(Sote mortise a d  tenon joints st m-all plate.) 



156 PHYSICAL DAMAGE 

Figure 5.66b. Blast damage to wooden dwelling about 5,000 feet from ground 
zero. 

Figure 5.67a. Plate-girder bridge, about 1,000 feet from ground zero, 2,230 
The bridge received severe damage, but con- 

(The picture was 
feet from point of explosion. 
tinued to carry highway, pedestrian, and street-car traffic. 
taken after debris had been cleared from the roadway in the foreground.) 
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E'igure 6.67~. Steel-plate girder, double-track ra ihay  bridge, about 840 feet 
from ground zero, 2,160 feet from point of explosion. The plate girders were 
moved about 3 feet by the blast; the railroad tracks were bent out of shape 
and trolley cars Rere demolished, but the poles were left standing. 

Figure 5.67~. Reinforced-concrete bridge with T-beam deck, 2,330 feet from 
Part of deck was knocked off the pier and abutment by the 

The remainder 
ground zero. 
blast, causing one span, 35 feet long, to drop into the river. 
of the bridge was almost undamaged. 



7- 
UTILITIES 

5.68 In Nagasaki the publie utility system mas comparable to 
that in an American city of 30,000 population except that open sei\-ers 
were cised. Damage tt! the water supp!y essential fer Ere fighting 
was of the greatest significance (Figs. 5.68a and b). This \\-as not 
caused by failure of the underground mains, but by loss 01 pressure 
through 5reakage of pipes In hmsea a d  buildings. except in one ease 
described below. Earth surface depressions up to 1 foot in depth 
were obserred at scattered points in a filled-in area at a maximum 
distance of 2,000 feet from ground zero. This caused a series of fail- 

Figure 5.6% Four-inch gate valve in n-ater main broken by debris from brick 
wall at 1,100 feet from ground zero. 

ures of 12-inch cast-iron miter pipes 3 feet below grade, the breakage 
being probably caused by unequal vertical displacement. There was 
no serious damage to reservoirs and water-treatment plants as they 
were located at  too great a distance. 

Utility poles mere destroyed by blast or h e ,  and overhead 
utilities were heavily damaged at  distances up to 10,000 feet. Under- 
ground electrical conduits were little affected. Switch gear and trans- 
formers were not damaged directly by blast but by secondary effects, 
such as collapse of the structure in which they were located or  by 

5.69 
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debris (Fig. 5.69a). hfotors and generators were damaged by fire. 
Gas holders were heavily damaged by blast at  6,600 feet and the 
escaping gas was ignited but there was no explosion (Fig. 5.69b). Gas 
mains suffered no observable damage. Street railmay equipment \vas 
heavily damaged by f i e  and blast (see Fig. 5.67~); buses and automo- 
biles n-ere, in general, also damaged by blast and Trere burned out at 
shorter distances (Fig. 5.6%). -4.3 an esampIe, an American made 
car n-as h e a d y  damaged and burned at 3,000 feet, while one a6 6,000 
feet suffered o d y  niinclr damage. 

Figure 5.68b. Damage to portion of 16-inch r a t e r  main, carried on bridge, 
about 1,200 feet from ground zero. 

SHELTERS 

5.70 Caves were used to a large extent for shelter although there 
Were many timber, semiburied shelters with an earth cover of about 
18 inches. These were not particularly well built, yet in some cases 
they survived at a distance of 900 feet and none was damaged beyond 
half a mile (see Fig. 12.5Za and b). 
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Figure 5.69a. Electric substation, 2,400 feet from ground zero; switch racks, 
transformers, and other equipment damaged. (The corrugated iron sheathing 
was stripped from the walls by the blast, rendering contents of building vulper- 
,able to fire.) 



Figure 5.695. Destroyed gas holder, 3,200 feet f r o n  ground zero. 

Figure 5.69~. General view, about 3,000 feet from ground zero at Sagasaki, 
shon-ing 1% reeked automobilea in foreground. 



1 62 PHYSICAL DAMAGE 

C. PROBABLE EFFECTS IN THE UNITED STATES 

REINFORCED-CONCRETE FRAME BUILDINGS 

5.71 While the destructive effects observed in Japan 5.54-5.56) 
are comparable in general to  those to be expected in the United States, 
there are some differences that are worthy of discussion. Further- 
more, there is the question of damage to the larger bridges of many 
American cities for which there is no direct guide from damage to the 
small bridges in Japan. Reinforced-concrete buildings of earthquake- 
resistant design withstood the blast quite well. These buildings were 
designed for a lateral force equal to 10 percent of the vertical load. 
When pressure is applied tending to displace thk top of the building 
with respect to the foundation, the resulting action is roughly the 
same as that which would arise if seismic forces moped the foundation 
against the inertial resistance of the structure. 

The multistory buildings in this country are generally de- 
signed to withstand a wind load of 15 pounds per square foot. For an 
average six-story, reinforced-concrete, frame building this would be 
roughly equivalent to 2 percent of the vertical load. On this basis, 
American reinforced-concrete buildings would be much less resis tant 
to collapse than those designed for earthquake resistance in Japan. 
No firm conclusions can be drawn on this subject, however, as most 
buildings have lateral strength far in excess of that required to with- 
stand a 15 pounds per square foot wind load. 

In the eleven Western States of this country, the* building 
codes provide for the design of structures to resist horizontal, earth: 
quake forces varying from 2 to 16 percent of the vertical load, which 
is usually taken as dead load plus half the vertical design live load. 
There are three earthquake zones, the Pacific coast area having the 
highest requirements. The design specifications, as stipulated in the 
building codes, are similar to those for wind loads, with a 33 percent 
increase in the allowable working stresses. These buildings would be 
proportionately more resistant as the ratio of horizontal to vertical 
load increases. 

5.72 

5.73 

STEEL-FRAME BUILDINGS 

5.74 The effect on steel-frame buildings, such as multiple storied 
office and hospital structures, should be approximately the same as 
that on reinforced-concrete buildings, except that steel has a somewhat 
greater energy absorption capacity than reinforced concrete. This is 
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design areas for wind load, and that the impuIsive forces be calculated 
for each member in accordance with the method given in 0 5.7 et seq. 
The total transient load a t  each panel point could then be tabulated 
and a calculation made with rcgard to the resulting strcsses. 

4 

D. AIR BURST OVER WATER 

CONCLUSIONS BASED ON BIKINI OBSERVATIONS 

5.78 Prom the data obtained in the Bikini “Able” air burst over 
water it appears that, allowing for the difference in the height of 
burst, the variation of the pcak pressure of the shock wave with the 
horizontal distance from the point of burst is very similar to that 
found for an air burst over land. Consequently, it may be concluded 
that  the general nature of the damage to houses and other buildings 
and installations on shore, at  specific distances from the bomb burst, 
will be much the same as described in earlicr sections of this chapter. 

5.79 Some mention may be made here of damage which might be 
expccted to ships and their contents as the result o€ an air burst over 
watcr. The dcstruction would bc duc almost cntirely to  the shock 
WILVC in air, there being little transmitted through tho watcr, for a 
reasonable height of detonation. This distinguishes an air burst from 
one taking place underwater, as will be sccn later. From the results 
obscrvcd at  Bikini it appears that up to about 2,500 to 3,000 feet 
hori:-ontal distance from the explosion, vessels of all types will suffer 
serious darnage or will be sunk (Figs. 5.79a and b). Moderate damage 
will be experienced out to 4,500 feet, and minor damage may be ex- 
pcctcd to  occur within a radius of 6,000 fect. 

Becausc of the shock wavc transmitted through the air, 
exposed structures, such as masts, spars, radar antennae, etc., may be 
expccted to suffer damagc. This would bc very sevcre up to 3,000 or 
3,500 fcct from the explosion. Within the same radiup light vehicles 
and airplaiics (Figs. 5.80a and b) on the ships and other light structures 
and electronic cquipment will be seriously damaged. 

Ship machinery would probably rcmain intact within the 
range in which the ship survives. The principal exception is blast 
damage to boilers and uptakes, and this will account for most cases 
of immobilization. Boilers may be expccted to suffer heavy damage 
out to 2,700 feet, moderate damage to 4,000 feet, and light damage to 
nearly 5,000 feet. 

A certain amount of shielding from the shock is experienced 
by equipment in the interior of the vessel. The damage to such 

5.80 

5.81 

5.82 



Figlire 5.79a. The Light. aircraft carrier Z. S. S. i x d e p m d e m e ,  locstled n-ithiii 
5: deck :vas brolreri 
e broke out on the  

2,602 fee; of s-;r[aoe 
in several places and 
hzngar deck. adding t o  the genera1 destriictior:. 

Figure 5.7Sb. The Japanese cruiser SaOawa was sererely damaged both above 
The ship sank on and belon- the water line by the "9ble" explosion at Bikini. 

the da5- follon-ing the test. 
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equipment can thus be minimized by closing all exterior openings 
when an atomic bomb attack appears possible. 

Figure 5.80a. The stern deck of the U. S. S. Nevada, within 2,000 feet of surface 
zero, damaged by the “Able” burst at Bikini. 

E. DAMAGE FROM UNDERGROUND BURST 

COMPARISON WITH EARTHQUAKE DAMAGE 

5.83 The fundamental principles, as far as they are known, of the 
behavior of shock waves due to underground explosions in soils of 
different types were described in Chapter IV. In  this section an 
attempt will be made to assess the‘structural damage that might be 
expected from an atomic bomb detonated under the surface of the 
earth, although there are no actual experiences upon which to base 
the conclusions. It might appear that use could be made, by appropri- 
ate scaling, of data obtained from TNT explosions, but this approach 
has not proved too satisfactory. 



Figure 5.SOb. Damage to  a Sav5- seaplane on the U. S. S. Necada, ?Tithin 2,000 
feet of surface zero. 

5.84 The analogy betn-een an atomic bomb explosion and an 
earthquake n-as mentioned in 5 4.84, and it seems that some significmt 
infnrmatlor, may be s t c u r ~ d  in this manner. From surveys made aftpr 
the San Francisco earthquake of 1906, a scale of damage, which TVSLS 

c~rre!zted ~~5th t h e  E,=riz=ctst! eccekatlcr, ic terms af t h e  fcrce ~f 
grai-ity, %\-as developed; this is reproduced in Table 5.84. 

It is probably true that acceleration alone is not a very good 
index of the damaging power of an earth wave, since acceleration will 
not produce appreciable damage unless it is accompanied by sufficient 
motion to cause reasonably large displacements. The displacement 
that would damage a structure severely is, of course, connected with 
the acceleration and the degree of differential motion that occurs. 

ucture if handled gently, 

5.85 

b e  reasoriable to believe that a 
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TABLE 5.84 

EARTHQUAKE DAMAGE SCALE* 

Grade A.-Very violent (greater than 0.4 gravity) .** 
Grade B.-Violent (0,%0.12 gravity). 

Fissuring of asphalt; destruction of foundation walls and under- 
pinnings of structures; the breaking of sewers and water mains; dis- 
placement of street car tracks 

Grade C.-Very strong (0.12-0.08 gravity). 
Brick wall or masonry badly cracked with occasional collapse; frame 
buildings lurched or listed on fair or weak underpinning; general de- 
struction of chimneys and masonry, cement or brick veneers; consider- 
able cracking or crushing of foundation walls. 

Grade D.-Strong (0.0%0.02 gravity). 
General but not universal fall of chimneys; cracks in masonry and 
brick walls; cracks in foundation walls; a few isolated cases of lurching 
or listing of frame buildings built up on weak underpinning. 

G u d e  E.-Weak (less than 0.02 gravity). 
Occasional fall of chimneys and damage to  plaster, partitions, plumb- 
ing, etc. 

*Physics of the Earth, Part VI: Seismology, Bulletin of the National Research Council, No. 90 (1933). 
**The accelerations given in the table are those in a horizontal direction. 

so that inertial forces are negligible, could stand very large displace- 
ments if every part received the same amount of movement. But 
if either or both of these conditions is not met, then damage may result. 
Failures of the foundation walls may occur due to earth pressure alone 
acting hydrostatically, but it is the differential earth pressures, which 
are in turn functions of the shape and length of the pressure wave, 
that are responsible for the accelerations imparted to the building sub- 
structure.” It is seen that the quantities are so interlinked that any 
real separation of the effects is impractical. Nevertheless, since 
inertial forces, differential movements and hydrostatic pressures are 
agents that act to produce failures of the structure in different ways, 
it may not be too unrealistic to attempt to set up criteria of damage 
based on these three quantities, and to compare them with such in- 
formation as is available to see if they are consistent. 

From Table 5.84 it is seen that appreciable damage corre- 
.spending t o  that from a strong (gpde D) earthquake, which is ap- 

5.86 

12 Because of the great length of the shock wave in an atomic bomb burst, many buildings have dimensions 
which are small compared with the positive part of the wave (I 5.23). The motion of the earth and the back 
and front of a structure will thus be much the same, and the differential earth pressures may be small. 



proxirrLatelg equivalent to  an unda-gr;-cur,d atomic bamb burst ( 5  4.841, 
occws at eccelerations between @.Os and 0.62 times gravity in the 
horizontal direction. The geometrical mea3 of these accelerations 
is 0.04, which is taken as the limiting acceleration for appreciable 
damage. LackiDg comparable information o n  the other apents of 
damage, &ev ;j>aj- 52 Z&eraiii;ed at thp &stazce at  y&-VL& tkis :-e!r;e 
,gf &e acceleration l;-ou!d occuy. acd ih Y L L L  -? Y n " n . n ~ + 7 , r l m  L L L u g ' l ' " u I L b u  0irrnT.or-nr: b"I";JuI L: ..-;+L , ) L C _  

available data concerning the resistance of typical strucrures LO these 
factors. The possible influence of underlying rock strata has been 
neglected, but the equation of pressure in terms of distance used is 
that which applies to somew-hat greater depths or" burial of t h e  charge; 
hence. the effects maF be partially compensating. The distance at 
rc%lich the horizontal acceleration has a magnitude of 0.04 timcs 
gravity hits been computed for a szindy-cl~~j- soil aar! for c d m s e  
piastrc c i a ~ .  since t h e ~  represmt roughl? ~ h e  ilvertlgc :~:IC? e ~ i r w r ~ e  
ii; Thc: rnsdts 3: t'lnse cOPl~1:ra&xls ere uirell 
in Table 5.86. 

. . -  
. . I ,  . . . . t------' LaiiBuissi9i?lt:Cs. I- -i U A  

T l ~ ~ ~  5 S6 

- - - - - - - - 
1 I 7 - 7 ;  0.3 ft _I 

5.87 It noted &e pressures. fG? the gil-cn aecc 
tion, are approxiniatelv thc same a t  these tn-o distances for t h e  two 
soil tj-pes, but that the amplitude of motion is greater for the sandj- 
clay at  the nearer distance. This greater movement, --hen accom- 
panied by the same &cceleration, i~ou id  be expecwd t3 cause greater 
damage. that the measire 
of destructive intensity s h d d  be the pro6uct of the acceleration and 
the amplitude of motion. 

It has been suggested 115- H. 0. TTood 

ESTIMATE OF ATOMIC BOMB DAMAGE 

5.88 The calculations indicate that destructive earth-shock effect 
would probably occur to a radial distance of 1,350 to 3,300 feet from 
the point of underground explosion of an atomic bomb, m-hile appreci- 
able damage to walls, chimneys, and foundations mould be expected 
up to distances of 1,800 to  5,000 feet from the origin. The limits of 
the radial distance for light damage Tx-ould range from roughly 2,700 
to 10,500 feet on the basis that 0.01 g is the horizontal acceleration 

13 See reference to  Tsblc LS4. 
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necessary to accomplish it. It appears, therefore, that the damage 
to be expected from an underground detonation is less than that from 
an air burst. As a rough generalization, it has been estimated that 
a bomb dropped from the air, and which penetrated to  a depth of 
40 to 50 feet below the surface before exploding, would cause blast 
damage over radii of about one-half to two-thirds of the radii for come- 
sponding damage due to an air burst. However, as indicated in 
0 4.89, the reflection of the shock wave from rock strata at depths 
of less than 200 to 300 feet beneath the point of detonation, would 
probably result in an appreciable increase in the area of damage. 

A detailed analysis of the probable damage suffered by a 
particular structure will have to be based on the re'sponse of the 
structure to the oscillatory motion imparted by the ground roll, and 
to the pressures and shewing actions experienced by the subsurface 
portions of the building. Generally speaking, the size, mass, and 
possible attachment to rock will be factors that tend to reduce its 
motion while imparting greater stresses to the foundation structure. 
It seems probable that displacements of the order quoted above would 
produce damage to any underground structure such as subways or 
foundations. 

Wall-bearing buildings would undoubtedly collapse at  con- 
siderable distances from ground zero and would be the most hazardous 
to occupy. Wood-frame buildings would resist reasonably well 
depending on the method of support. Brick piers would fail as would 
brick chimneys. The probable result would be the shifting of the 
structure on its foundations with the possibility of dropping it to 
the ground if supported on brick piers. 

5.91 All underground utilities would suffer greatly from the dis- 
placements and pressures exerted, particularly sewer, gas, and water 
mains. Electrical mains would suffer much less due to their ductility, 
but above-ground lines would be damaged by tower and pole distor- 
tion which might result in the breakage of the wires. 

If a nominal atomic bomb were dropped in such a manner as 
to explode a t  a depth of approximately 50 feet in ordinary soil, a 
crater about 800 feet in diameter and 100 feet in depth would be 
pr0du~ed.I~ The shape and size of the area over which the expelled 
material would be spread will be governed to a great extent by the 
strength and direction of the wind. Tests on relatively small scale 
charges of TNT, of the order of 2,500 pounds in weight, indicate 
distributions of appreciable quantities of crater material to a radius 
of 1 mile downwind and about 0.2 mile upwind. The ordinary scaling 

5.89 

5.90 

" 

5.92 

14 For further discussion, see Appendix B. 



. * , 7  Z.% It waa see11 111 uie nlst pait of Chapxer IW rhat the explosion 
of z bo:-zl: ~ z 4 c r  :t-ater fa ~ c c m q x + d  by the fnrmaticr!! and prnpaga- 
iion o i  5 shock Tvave. A ploporriori oi tile a m x ~  passes into :ha air 
at the surface of the water. but most of the energ:- is transmitted 

&m3ge. I ”  izst 85 i 4 1  & CBSL‘ nf 811 nr  of irnrlerground ex- 
pioaion. The data  in TabIe 4.14 4.14a. calcdated for a 20 
kiio~ou diaigc ot i -\ T, iiiciiciitc tha; the peak ~ ~ - e r p r e s a u r e s  d~re  to  a 
shock x - a ~  in dee ter eaii in fact have T-er;- high values. much 

t a n e ~ s  from the explosion. 
A theoretical analpis of the factors causing damage in an 

underwater burst is T-erp complicated. Consequently, oob- a quall- 
tative discussion of the subject x-ill be given here. The only informa- 
tion of value is that derived from the atomic bomb burst in the Bikini 
“EaBer” test. 

The effect of the explosion on a structure is ultimately de- 
t e rmi~ed  by the dyAemical properties of the structure and by the 
complete pressure distribution in the surrounding m-ater. Hom-ever, 
since the pressure distribution is extensively modified by the structure 
itself, the structure and m-ater must be considered together as a single 
dynamical system. Further, the cases of most interest are those in 
which the structural material is stressed beyond its elastic limit, so 
that permanent deformation or rupture results. The plastic state is 
incompletely understood, particularly under conditions of dynamic 
loading, and so the analysis has been carried out for sereral highly 

* -  I 

hip nf ~ a i ~ ~ ~ ~ ~ g  !JE 7 ,  
*h7.,-l,Tn.,-, tile 

” ->- 

L:&p”  +h9n uA*-AA thpqn .-Ad-- in 3~ ~ i r  buret e r e2  at  considerable dis- 
Y 

5.95 

5.96 

- 
13 The results refer to dE inhire  medium. Khich rndp be WardeQ ctb aqui! aknt to daeij  Tater. 
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idealized situations. From the results it is possible to draw conclu- 
sions of a general and somewhat tentative nature. 

5.97 The pressure at  an m i t e  surface with incident plane waves 
can be determined from a consideration of the incident and reflected 
waves. However, in the more general case of a deformable surface 
of finite extent, the analysis involves the physical concept of diffracted 
spherical waves, originating at points on the periphery of the surface, 
superimposed on the incident wave. In  many instances of deformable 
surfaces, the resultant pressure becomes negative because of the defor- 
mation. Since water cannot withstand appreciable tension exoept 
under special conditions, cavitation results and the motion of the 
surface is modified (0 4.18). 

EFFECT OF CHARACTERISTIC TIMES 

5.98 In  idealized cases,16 it is found that the damage resulting from 
pressure waves depends markedly on the dimensions and certain 
characteristic times. The quantities which are significant are the 
time constant of the incident wave (8 4.11), the natural response 
times, e. g., the plastic time, of the structure, and the diffraction 
times measuring the time required for diffracted pressure waves to 
be propagated distances of the order of the dimensions of the structure. 

If the time constant of the pressure wave is large compared 
to the cbaracteristic times of the structure, the effect of the wave 
simulates that of an applied static pressure, and in the case of the 
shock wave or of bubble pulses, peak pressures are the significant 
parameters (cf. 8 5.23 et seg.). I n  scaling up the damage in this case, 
the correct scaling factor is the cube root of the explosion energy 
yield or charge-weight equivalent. On the other hand, if the time 
constant of the pressure wave is small compared to the characteristic 
times of the structure, the motion of the structure is determined by 
the impulse of the wave. The latter condition is realized for large 
structures of slow response and only if the structure is sufficiently 
rigid, so that cavitation does not occur before rarefaction pressures 
are equalized by diffraction waves. The scaling factor for distance 
in this case is the two-thirds power of the explosion energy or weight 
of equivalent charge (5.5.28). 

If cavitation occurs because of substantial plastic deforma- 
tion before the equalization of negative pressures by diffraction waves, 

5.99 

5.100 

16 The plastic deformation of circular plates under various constraints has been studied by J. G. q r k -  
wood and J. M. Richardson, “The Plastic Deformation of Circular Diaphragms under Dynamic Loading 
by an Underwater Explosion Wave,” OSRD Report No. 4200 (1944). This work is summarized, and ref- 
erences to other authors are given, by R. H. Cole, “Underwater Explosions,” Princeton University Press, 
Princeton, N. J., 1948, Chapter 10. 



a considerable amorrnt of er,erg;- ~ a y  be stored 2s kinet,ic e n e r n  a i  of 
the structure and cavitated Ti-ater, and later wed in plsstic deforma- 
tion. b nder these circumstances, the shocii-n-aTe energy becomes 
the signscant parameter in a discussion of damage, and the theoretica1 
scaling factor for distance is the square root of the explosion energy 
or equivalent charge weight. I t  lippears t h t  a scaling factor of 

a better fit of the data, but a variation with the t m e  of structure is 
to  be expected. 

It has been s h o r n  thaL the CuraIion of the shock n-ave in 
ETater for a nomind atomic bomb is of the crder of 25 rdiseconds, 
_ _  i" 'be ;;-ere is b~ 5L;r-facz cct-~z.  T:1Lls is zpp:2xl- 
marely an ~ r d e r  of niagpAtrrde greeter thm &e characteristic times 
for conponent plates of c a p i d  ships. Therefcre, ii t he  target is far 

during she times ;or n-iiicii ciernage occurs. iiir peak pess;ure brcumes 
;he p a ~ m x ? t c r  s igsi i ; ,ca~ i:; :IY pxiiictiar, 3f c i e ~ z g ~ .  The  damage 
distance can then be expecieu t o  scale as t h e  cuue NOT of ;he 
sion energj-. 

-- 

ep~rosirr,atelr the txF,ro-fif& nnxrpr  of t ho  ox-qlnsien ecervr b" ionr is  ^---I to  I-' --- - L A 1  A"-- 

?i.IOI 

. *  

enough removed frorrL the Xlrface to  h e  3na i iec tcd  '2-7 t h e  cct-oE 

.?.102 The depth of the expiosioii is of inapoitaiice in a considera- 
xion of &e &mi.ge - resiJiLir\g - from &e shock q ~ ~ ~ - ; c .  If t h e  t:wgct is 

i',G'=6 x;T;l; 
It 11,s been 

seen that the reflected i m r e  from the surface will be a rarefaction 
"hijs, the sho& ari.i\-eg at the :&:-get fnl!g~x~;d ir-D-e&telxT 

by the rarefaction wave, and the high preswrps fc,ilo\t-i-ing the shock 
front are CUE off. Therefore, greatest darnage x,dl occw if the rare- 
faction wave does not get nearer the shock front :hail the di=t - a x e  
within m-hich are found the necessary excess pressures for damage. 

the structure make the most important contribution to  damage, the 
first few milliseconds of the pressure-time curve must be Bcpt intact 
for greatest effectiveness. If the shock-1-aT-e velocity is approxi- 
mately acoustic, the charge depth for maximum damage radius is 
readily estimated. 

The 
angIe can be computed from the depth below the surface of the 
bottom of the target hull and the distance corresponding to that 

o n  or ~elzi- &e sarface. e,  g. ,  a ~ 5 ; ~ ' s  
+L,, ULLG S",.f,n IUIu.UB at s0X.e aeint b&rc r2nchi:rg t h e  target. 

1, the 

x,t-aTe. 

. .  s'---- IILCC: piobaues -_ ..__-. kistirg %bout one-hdf the signis~ant dastic k a e  of 

5.103 The geometry of Lhis situation is showri in Fig. 5.103. 



174 PHYSICAL DAMAGE 

portion of the pressure-time curve which the characteristic times of 
t,he hull plates require in order that the shock wave may be unaffected 
by the reflectedrarefaction wave. It then follows that,if a=(180-p)/2, 
the depth of the explosion should be sin a times the distance a t  which 
the damage is to be effective, i. e., the lethal radius.17 

t -  
m s m - n M  WRM AT TDRGET 

Figure 5.103. Geometry and pressure-time curve of shock wave a t  target due 
to an underwater explosion. 

5.104 Curves have been given for the distances a t  which TNT 
charges of 500 to 5,000 pounds cause serious flooding of typical capital 
vessels. Whether or not such flooding is to be considered lethal 
depends upon so many factors of design as to make generalization 
unprofitable. A consideration of these data and application of the 
scaling law to the nominal atomic bomb leads to the conclusion that 
the distance of serious flooding may be taken to be of the order of a 
half mile. If it is assumed thht the bottom plates of the vessel are 
30 feet under the surface, and that the length of the shock wave at  
this depth which must be effective before the pressure cut-off by the 
rarefaction wave is 30 feet, then the considerations of the last para- 
graph indicate that maximum damage will result if the explosion 
takes place about a quarter mile below the surface. 

With a shallow explosion in deep water, the effects are more 
complicated. For targets near the charge, the angle of incidence of 
the shock wave will be great enough so that the pressure of the wave 
is not significantly affected by the surface cut-off. At  greater dis- 
tances, however, the angle of incidence becomes less and a greater 
portion of the pressure-time curve of the shock wave is affected. 

5.105 

17 This annlysis is due to J. von Neumann. 
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This situation is illusrrated in Fig. 5.105. Uisimately. the duration 
of the surviving positive portion of the compound wave becomes 
equal t o  or less than the characteristic times of the target structure. 
The significant parameter for darnage is, then, the positive impulse of 
the compound wave, if the structure is sufficiently rigid, or the energy, 

[(SURFACE 

b h  in 1 

-- ; i', - L  I 
P -  t -  

PRESSURE-TIME CURVES A? TARGETS 

Figure 5.105. Pressure-time curves of shock m aves targets at increasing 
&atacccs from unden-c-ter explo 

s. Eetdled CGRF r a t i ~ n  mzst ?IF giren to  the 
geometry of the tzrgct area and t o  t he  location of thc vtsscls within 
+f- 2T.E. 
particular target vessel wiil depend upon the generai configm.ation 
01 tiir area and also upon the location of the vessel v-khin the area. 
For these reasons, it is dif3cult t o  estimate a damage radius for such 
a Shd:GiT esplosian. 

For EL shallow burst in shallow n-ater, the picture is further 
complicated by the participation in the damage of shock 1%-ai-es re- 
flected from the ocean floor. At Bikini, txvo pressure pulses were 
observed which were of approximately stcp profile, due to  cut-off, 
aiid or" the same order of intensity, and which were separated by a 
few milliseconds. 

5.10'7 It is probable that maximum lethal damage radius is 
achieved by a properly oriented deep charge in deep \rater, and that 
the effect of a different orientation or of shallow water is to decrease 
the damage radius. Therefore, the figure of about one-half mile, 
estimated as the maximum radius for serious damage, may be taken 
to represent an uppcr limit for the more complicated cases of shallow 
shots in deep or shallow water. 

The press??re-+&ylc p-osle c.f the &c.& 7T;'Te i+Ject 3c 

5.106 
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BUBBLE PULSE AND WAVES 

5.108 Approximately half of the available energy of an explosive 
is contained in the primary blast wave. Although up to a third of 
this energy may be dissipated as heat within distances for which 
damage is significant, the shock wave is the source of the largest 
amount of available energy in the water surrounding the charge. 
Secondary bubble pulses are of greater duration than the primary 
shock wave; they have impulses comparable to that of the shock 
wave, but have much lower peak pressures. The total energy radi- 
ated by secondary bubble pulses is consequently much less than that 
derived from the shock wave. The importance of the bubble pulse 
for damage is strongly dependent on the position and state of motion 
of the gas sphere in reference to  the surface, the bottom, and the 
target. The bubble pulse may contribute to supplementary damage 
particularly if, becausc of migration, the bubble is close to the target 
when the pulse is emitted. In  general, it may be concluded that the 
bubble pulse is of significance only if the arrangement of charge, 
target, and other surfaces is favorable. 

5.109 It may be mentioned that, in particular cases, serious 
mechanical damage may result from some of the surface effects. 
Thus, a t  certain fiing depths, surface waves may be formed of suffi- 
cient height to overrun nearby shore installations or to swamp 
vessels (Q 4.40 et sep.). 

‘ 

G. UNDERWATER BURST DAMAGE : BIKINI EXPERIENCE 

SHOCK WAVE IN WATER 

5.110 The evidence from the Bikini (“Baker”), shallow under- 
water, atomic bomb explosion is that the shock wave transmitted 
through the water was the major cause of damage to the ships in the 
lagoon. From the observations made at  the time certain general 
co~iclusions can be drawn, and these will be outlined here. The 
nature and extent of the damage to a surface vessel will vary with the 
distance from the point vertically above the bomb burst, i. e., from 
surface zero, with the ship type, its orientation with respect to the 
position of theexplosion,and whether it is operating or riding at anchor. 

It is expected that the lethal or sinking range of all types of 
surface vessels will be very much the same, and will be in the neighbor- 
hood of 1,200 to 1,800 feet from surface zero, for a shallow underwater 
burst of a nominal atomic bomb. Some ships wil l  probably be sunk 

5.111 
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o.iit to 2,700 feet, but others in this range will suffer considerable 
structural damage. Serious loss of efficiency is to be anticipated 
within a radius of 3,600 feet from surface zero. Even at this distance 
the peak pressure of the underwater shock n-ave d l  be over 600 
pounds per square inch. Submerged submarines will probably be 
lost out to 2,700 feet from the explosion. 

5.::2 T L  -_.-I_- 1 A____ i a e  pL~ti;pa~ ivpes of dalilLge experienced on ships due 

of the ship girder, damage Lo fittings and equipmeat essential to 
watertightness, and damage to machinery, electrical and similar equip- 
~ e n t ,  foilodtttions, and pipbg. i n  addition to damage to the external 
surfaces, severe s l ~ o c k  eircc~s i d i  b e  transmitteci through the huii to 
htei-ioi” striieture a i d  equipmeni. Iieavy equipment d l  receis-e more 
damage than i igh equipment. but shock-mounted eqniipment7 will 
c r w  ~rztiiy si!rrirP 

Boaers and main p r o p u h - e  iz~~chi::crj- yfi s:.,Ffer heavy 
damage o u t  to 2,250 
claniage to 3,300 feet ero. Auxiliary machinery asso- 
ciated x.x-ith the propulsi-re equiprnent m T i H  not suffer as  s e r e r d y .  Foi. 

1 a s  At. cspccted xaciir?s o i  
e exp:xte& to  s-ffer scnie- 

what more setcre r n a c h c r p  damage than T ese!s .t acclmr. 
In spite of the very high peak pressures which, as seen 

above. are exirer:iely damaghg to ships. and powibiy ~ Z s o  trr piers 

ta thc shock u-rare iE w;ater frrorn B sha!!Q?T explosion Y d l  b e  x-eal<eniag 

0 -- - 
5.1 13 

damage TO 2,i00 feet, and light 

5.114 

and ’arei;$q~i.i;tei.s, it is beliered orher harbor sh0r.e installa- 
ticcs xou!c! r,ct be sc:.icus!y affectcd by the  shock iaitvc transmitted 
through the water. Of course, vessels sunk at or near piers, or thromn 
auainst e them hy the shock FXLT;~ xx&i d n ~ . : w i s ~  thc cEcctiremss of 
the harbor. I n  addition, the influence of the air shock must be taken 
?Ilt3 consideratien, as  dl be shoxn belon-. 

SHOCK F A V E  I S  AIR 

5.115 d!tEoi;gE the  major poriion of thc shock due to a shallow 
underwater atomic explosion is propagated through the water, a not 
inconsiderable amount is transmitted as a shock wave in the air. 
The data obtained a t  Bikini indicate that the energy of the air shock 
for a shallow underwater burst of a nominal atomic bomb would be 
roughly equi-valent to  4 kilotons of TNT, and such a shock would, 
of course, be capable of producing extensive destruction. 

The shock wave transmitted through the air mill undoubt- 
edly cause some damage to the superstructure of ships on the rater,  
but this d l  prGbably not be v e r y  significant in comparison to the 

5.116 
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harm done by the underwater shock. The main effect of the air blast 
would probably be felt on land, if the bomb were exploded not too 
far from shore. I t  has been estimated that at 2,000 feet from surface 
zero the peak pressure of the air shock due to the underwater burst was 
10 pounds per square inch, and at  1 mile it was still more than 2 pounds 
per square inch. With these data in mind, an examination of Table 
5.45 will show that a shallow underwater atomic bomb burst taking 
place within something like half a mile from shore would cause serious 
damage to harbor facilities and to warehouses and other structures 
near the water. Appreciable damage would, of course, occur some 
distance away. 

By making use of the approximate scaling law relating the 
bomb energy to the radius of the area of destruction, as outlined in 
5 5.47, it would appear that the shallow underwater explosion of a 
nominal atomic bomb would produce damage of the various types 
referred to in Table 5.45 up to distances a little more than half those 
given there for an air burst. In  other words, the underwater burst 
would cause virtually complete destruction or severe damage up to a 
little over one-half mile from surface zero, and partial damage would 
extend out to somewhat over 1 mile. Light damage, that is, mainly 
cracking of plaster and window breakage, would occur for a distance 
up to 4 miles away. This means that if the bomb was detonated 
under water over 1 mile from shore, the structural damage on land 
would not be serious. 

The plume following an underwater explosion ( 5  2.42) con- 
sists largely of spray, and so its ability to cause physical damage to a 
ship is somewhat in doubt. I t  appears certain, however, that the 
large waves formed at  Bikini ($ 4.42) were responsible for some of the 
devastation following the atomic bomb burst. Fairly unequivocal 
evidence for major damage to the U. S. S. Saratogu due to water-wave 
action is obtainable from the series of photographs taken at  3-second 
intervals. Nine seconds after the explosion the photogrnphs show 
the stern of the Saratqqu rising on the first wave crest at least 43 feet 
above its previous level. The radar mast is bent over but the island 
structure is apparently unaffected by the shock wave. Shortly after- 
ward the ship was obscured from view by the base surge. When the 
ship again became visible the central part of the island structure was 
seen to be folded down onto the deck of the carrier. It appears 
probable that soon after the first rise the Saratogu fell into the succeed- 
ing trough and was badly hit by the breaking crest of the second wave. 

In view of the damage caused by waves to ships, it appears 
probable that similar destruction would be caused on shore if the 
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underwater bomb burst took place in suEcient proxhity. From the 
results obtained at Bikini (§ 4.421, where the x-ater was moderately 
deep, it can be estimated that at I mile from surface zero the maximum 
height of the wave formed in the water, from trough to crest, was 
about 20 feet. Even at a distance of 2 miles. the wave height reached 
a maximum of 10 feet. For an explosion taking place in shallow water, 
the --a=es at the saF-e distances might be tw-ice as high. aucb xvaves 
breaking over the shore could do serious harm to port faciiities and 
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CHAPTER V I 1  

THERMAL RADIATION AND INCENDIARY 
EFFECTS 

A. INTRODUCTION 

THERMAL RADIATION FROM ATOMIC BOMB 

6.1 It was pointed out in Chapter I that the radiations from an 
atomic explosion may be divided into two major categories, namely, 
thermal and nuclear radiations. These two types of radiation have 
vastly different characteristics, and hence will be discussed separately. 
In  the present chapter the subject of thermal radiation which, as the 
name implies, refers to the radiation emitted from hot materials by 
virtue of their elevated temperature, will be considered. Although 
blast is responsible for most of the destruction caused by an atomic 
bomb, thermal radiation can make a significant contribution to  the 
total damage, by producing skin burns in living organisms and, to a 
lesser extent, by igniting combustible structures and hence initiating 
fires. 

6.2 An important difference between an atomic and a conventional 
explosion is that the energy liberated per unit mass is much greater 
in the former case. As a consequence, the temperature attainecl is 
much higher, with the result that a larger proportion of the energy is 
emitted as thermal radiation at the time of the explosion. An atomic 
bomb, for example, releases roughly one-third of its total energy in 
the form of this radiation. For the nominal atomic bomb discussed 
in this book, the energy emitted in this manner would be about 
6.7 X 10l2 calories, which is equivalent to about 8 million kilowatt hours. 
It is evident that this enormous amount of radiant energy would be 
expected to produce considerable damage. 

In order to evaluate the hazard due to thermal radiation it is 
necessary to understand its character as well as its effects. In  this 
chapter, the theoretical principles will be described, and the radiation 
laws, which are fundamental to an understanding of the subject, will 
be outlined. Since the essential criterion of damage due to burning 

6.3 

1 Material contributed by H. L. Bowman, S. Glasstone, J. 0. Hirschfelder, A. Kramish, R. M. Langer, 
J. L. Magee, F. Reines, B. R. Suydam, W. L. Whitson. 

180 



is, in mai3F cases, the total radiaat energy falling zpor, uxit area. this 
quantity d l  be given some attention. 

TEMPERATURE .$AD RADICS OF BILL OF FIRE 

6.4 As indicated in Chapter 11, in the ear€>- stages of an atomic 
I t  

an isothermal sphere of about 3.l feet radius, having a temperature of 
about X!@,@OO' K2 Because of the ease with which radiation can 
travel inside the sphere, no appreciable temperature gradients exist 
within it, and the temperature, as ~ e i l  as the pressure and densit)-. 
is udorm.  At this stage the shock front coincides with the surface 
o i  the isothernial sphere ( $  2.9). 

-4s t h e  explosion proceeds. the shock froat exTailds at a rate 
fzster tkz:: the isotherriiai sphere, !~eating &e air it eqguiIs. ~ n l s  

rxplosion. radiation aid. sl1ock phell0n;ena we closely related. 
"_"  B2.L n 1 IIIILLL>eLVLIC: -..:ll: _- - -_  after the &tonation, t5e &E of fir2 ionsists of 

6.5 . . -  j -  - .  111 r n T .  

en, there is a very hot 

OL' :'(l&SQp& 

>- rhe shock r a v e  is 
fastcr than b>- rndiarion. 

treatnzeiit arid from this man;- d u a b l e  quantitath-e results ha-i-e 
been obtained. The theorj- id not be  presented here. but m e  u-G 
be made of some of the conclusions. The cui-x-es in Fig. 6.6, based 
parily on theory and partij- on experimemit. s h o ~  the T-ariation with 
time of the radius (R) of the ball of fire, and of its approximate appar- 
ent (or surface) temperature (T)  . "Vhen due allowance is made for 
the necessary approximsltioiis in applying the theory. on the one 
hand, and for experimental errors, on the other hand, the results are 
in satisfactory agreement. 

It will be seen from the figure that the surface temperature of 
the ball of fire falls rapidly to a minimum, as mentioned in 0 2.13, 
around 2,000' K, within little more than one-hundredth of a second 
from the detonation of the atomic bomb. This is fdosi-ed by an in- 
crease to somewhat over 7,000" K, at the second maximum, after 
which the surface temperature falls steadily. B general qualitative 
interpretation of these results can be given on the basis of the optical 

6.6 The iuregoiiig phiioiiienia have beeil subjected ZG, a theoL*eticd 

6.7 

3 A11 temperatures in r,his chapter are absolute temperatures in degees Kelrin (" K); they are equal to  the 
respective centigrede temperatures +2i3'. 
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properties of air. It depends on the fact that at temperatures above 
2,000' I(, heated air radiates quite strongly, while a t  lower tempera- 
tures it is transparent to, i. e., does not absorb, thermal radiation and 
does not radiate. 

6.8 As the shock front expands in the early stages of the explosion, 
its strength decreases, and the surface temperature falls rapidly to- 
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Figure 6.6. Temperature and radius of ball of fire as function of time after 
explosion. 

ward the minimum. The shock front is then radiating essentially as 
an incandescent black body, but the rate of emission of radiation, 
which is proportional to T4 R2 (0 6.19), falls off, in spite of the increase 
in the radius R of the ball of fire, because of the rapid decrease in 
the surface temperature. Soon the temperature of the shock front 



becomes so low that the air is no h g e r  inamdescent: this represents 
the breakaway point (5 2.1 1). 

Since it cannot radiate, the shock front cannot L~QF absorb 
radiation, and so the air behind the shock front, 15-hi& has a higher 
temperature, begins to be seen. Thus, the apparent, or surface, 
temperamre, having reached a miilimum, commences ^LO increase. 
l n e  shock i l O K  ceases tc play a z i ~  fxrther part. zs far as radlatim is 
c~ncerned, and the rise of surface temperature continues until that 
of the 'not core of the isothermai sphere is aLiained. Ybis gi-ves the 
second maximum t~hich subsequently Eak, due t~ cooling of the hot 
gases by radiation and expansion. 

baG &' &e is of interest in csmect 
scrhed abore. Tor Iemperarur 

ai> %re be";-een 1 and 5 percai 
concentrazioa is ue& 

6.9 

mi 

* .  The  f ~ r r ~ a ~ i = =  cf cxi<es 21 . -  
n<th t h e  optrcal ppe r t i e s  de- 

side and riitrcgen dioxide i3 t he  eqAlibriuII2 ColrOnT2.t:ilnS nf T i  
1 .., . e h -  2 000" 3:.  he eqiidioniii.21 

abore S,30Co ;Ec, the oxides are dis- 

es of nitrogen are form-ed. h-itrogeo 
the aii is heaxmi bj- &e S ~ G &  ~-izi i i  

e x t c r e  mar rhe 
1 .  esrimated that in tile explosion GI a nominal atomic bomb sorilei;iiiig 

nf the order of 100 tons of nitrogen dioxide &re formed, and this was 
1 0eLit :L.U ' . - - - 2  r@ 1 ze resp;nsi& fo; tZ;e p a &  c&r G! thO +ing cIo1.d G b -  
served & t h e  Slkk-;i -.&4ye7' test (6 2.18). 

6.11 Before proceeding to c i  mm-e detailed consideration of the 
radiation emitted by an atomic bomb, brief reference ~ - 2 1  be made to  a 
matter of some interest. It has been mentioned ( 5  6.5) that the 
reason why the bail of h e  becomes separated f ~ o m  the  isztl.,er~~al 
sphere is that at a certain temperature transfer of energy by shock is 
faster than by radiation. Since radiation consists of photons travel- 
ing Kith the speed of light, it is not obvious why transport of energy 
as radiation should be slower than by the shock wave. 

A simplified explanation of the situation may be developed by 
considering an isothermal sphere of air at a temperature of 30,000° E 

6.12 

3 According to the quantum theory, electromagnetic radiation is propagated in che form of photons, each 
carrpng energy hcfi, There h i s  Plancks consrant (& 6.15), c is che relocity of hght, and A is the wave length 
of t h e  mdiaiion. 

SS3555"-50--13 
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expanding by radiative transport alone into cold air. By means of 
Planck’s quantum theory, which is considered below (&6.15), it can 
be shown that in such a sphere as much as 70 percent of the radiation 
is concentrated in the region of wave length less than 1,860 d. In 
cold air the average mean free path of the photon for this radiation 
emitted by the hot sphere is of the order of 0.01 cm. or less! 

Now, the process of radiative transport proceeds somewhat 
in the following manner. On the average, each photon travels with 
the velocity of light for a distance of one mean free path and then it 
is absorbed by a molecule, atom, or gaseous ion present in the air 
which becomes excited. This entity remains in the excited state for 
a certain time, before returning to its ground state and emitting 
another photon. After this photon is emitted it moves off in a 
random direction, and the adsorption and emission of photons by the 
air molecules, etc., is repeated. 

Because of the short mean free path of the photons of radia- 
tion of wave length less than 1,860 A, and also on account of the fact 
that the photons move in a random path-the so-called “random 
walk”--the effective rate of diffusion is very small. In other words, 
the velocity of transport of radiation is low for the bulk of the radiation 
from the hot sphere; therefore, the rate of transport through cold air 
will be relatively small. However, on account of its much greater 
mean free path, the small fraction of the radiant energy of longer wave 
length, i. e., in excess of about 1,860 A, will be propagated with the 
velocity of light. 

6.13 

6.14 

B. RADIATION FROM THE BALL OF FIRE 

RADIATION LAWS 
The spectrum of the thermal radiation from the ball of fire, 

assuming it to be a black body radiator: is related to the surface 
temperature by Planck’s radiation law. If exdh denotes the energy 
density of radiation in the wave length interval h to i+dh, the law 
states that 

6.15 

(6.15.1) 

4 The mean free path of a photon, i. e., the mean distance it travels before absorption by a molecule, is 
equal to the reciprocalof the absorptioncoefficient. Radiations of wave lengthless than 1,860 are strongly 
absorbed (5 6.17), and so the mean free path is very short. 

6 The assumption that the ball of &e radiates as a black body is made from theoretical considerations only, 
for the spectral distribution of the radiation has not been determined. It may be mentioned that it is 
known from experiment that the continuous background in the radiation from the sun follows the black 
body distribution law, and there are reasons for believing that the conditions in the hall of fire are even 
more favorable for the emission of black body radiation. 
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where c is the,velocity of in vacuo, is Planck’s quantum of 
action, k is Boltzmann’s eo 9 i. e., the gas emstant Per molecule, 
and Tis the absolute temperature. The values of the energy density, 
in ergs per cm.3 per A, as calculated from equation (6.15.1) for three 
different temperature a fUnction of the 

Figure 6.15. Energy density of black body radiation as function of wave 
for different temperatures according to  Planck’s equation. 

length 

wave length. The curves show how markedly the radiant energy is 
concentrated into the short wave length region of the spectrum. 

6.16 A second law of the black body radiation is required at this 
point. When a black body is heated to an absolute temperature T, 
each unit area of its surface radiates energy at a rate proportional to 
the fourth power of the temperature. This law, the Stefan-Boltz- 
mann law, then states that the ilux of radiant energy, that is, the rate 
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at which the energy passes through 1 square centimeter of the surface 
of a black body, is given by the expression 

@8=uT4, (6.16.1) 

where, according to the Planck theory, 

(r = 2 d k 4  /I 5h3c2 (6.1 6.2) 

=5.67x erg set.-' deg.-4. 

RADIATION FLUX AND ILLUMINATION 

6.17 From the two radiation laws stated above, it is possible to 
calculate the flux of radiant energy into an absorbing surface located 

Figure 6.17. Absorption coefficient of radiation by air as function of wave length. 

at any distance from the ball of fire, provided the transmission 
characteristics of the air are known. On the basis of ultraviolet 
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absorption measurements in air, it can be stated that, for present 
purposes, cold air is opaque to radiations of all wave lengths shorter 
than 1,860 ,k and is transparent €or longer wave lengths. This is 
apparent from Fig. 6.17 which gives the absorption coefficient as a 
function of the wave 1ength;O it is seen that at 1,860 A the coefficient 
has decseased almost to zero, the actual value being 0.0044 cm.-'. 

The fractionfo of the total radiation emitted which can pene- 
trate a significant distance in air can therefore be defined by 

6.18 

(6.18.1) 

where Xo is 1,860 A, and E X  is the Planclr function. Since Q. is given by 
the Planck equation (6,15.1), the indicated integrations can be 
performed, and the valucs of fo for different temperatures can be 
calculated. The rewilts so obtained are shown in Fig. 6.18; they may 

TEMPERATURE ( ' K )  

Figure 6.18. Fraction of radiation penetrating the air as function of temperature 
of ball of fire. 

be taken as representingfo as a function o€ the surface temperature of 
the ball of fire. It will be noted from this figure that for temperatures --- 

8 Absorption dataglven by IT. 0. Sehnoider, J. Opt, SOL. rimer., 30, 128 (1940). 
7 Becauso cold air is not completely transparent to wave lengths greater than 1,860 8, this cquation may be 

The coacctions nccessary for greater dis- applied only for distances of a few meters from tho ball of fie. 
tances are considered below ( 6  6 . a  el s e d  
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less than 10,OOOo K, that is, for times greatcr than about seconds 
after thc explosion, thc vdur  (Iff, is esscntially unity. 

The rate a t  which energy passes through the whole of the 
spherical surfacc of the ball of fire, that is, over a solid angle of 4n, 
is given by equation (6.16.1) as aT4X4rR2, where R is the radius of 
the ball. Since only thc fractionf, of this penetrates the air, the rate 
at  which the radiant enrrgy reaches all points on a spherical area at  a 
moderate clistaiicc from thc point of detonation is joaT4X4?m2. 
The radiant energy flux # per unit nrca at, a distance D is then obtained 
upon dividing by the to tal spherical area 4aD 2, so that 

6.19 

8.20 From equation (6. I O .  I )  the illuminatioii or fiux at  a given 
point, distant D, can be computcd for various times after an atomic 
explosion, using the valucs of R and T from Fig. 6.5 and of fo from 
Fig. 6.18. In order to avoid plotting values for individual distances, 
the quantity #D2, which is cqual to fo~T4B2,  is given in Fig. 6.20 

TIME Lssc 1 

Figure 6.20. Illuniination of ball of fire as function of time after explosion. 

as a function of the timc; the ciiiclrgy flux is in calories per squarc centi- 
meter per second, and the distance is in meters. From the curve, the 
energy flux at  m y  given moderate dislance at  a specific time can be 
readily dctcnnined. Thcsc values, with some modiEcation for trans- 
mission of the radiation over long distances, can be used to calculate 
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the total thermal energy from an atomic bomb falling on unit area as a 
function of distancc. 

It will be observcd that the smallcst timc interval after the 
explosion for which data are givrn in Fig. 6.20 is second, and 
hence the values ofI, are cffectively unity, as stated in 6.18. There- 
fore, the ordinates ia this figure actually represcnt aT4R2.  As seen 
abovc, the total rate at  which enrrgy is radiatcd from the ball of fire 
is aT4X4rR2  and, conscqucntlp, the ordinatcs in Fig. 6.20 give its 
radiation flux (or illuniination) per unit solid angle after various time 
intcrvals. 

6.22 In  order to  obtain some indiration of the magnitude of the 
illumination, it is convenient to introduce a unit called a sun; this is 
dcfincd as a fiux of 0.032 calorics per square centimcter per sccond, 
and is supposed to bc equivalerit to  the cnrrgy received from the sun 
at the top of the atmosphrm. The ordinates at  the right of Fig. 6.20 
give the valucs of $?I2, with cp in suns and D in meters. 

A t  the luminosity minimum, tho  value of $D2 is about 6.8X 
IO6 sun-meters2, so that at  this point the ball of fire, as seen at  a dis- 
tance of about 2,600 meLcrs, i. c., 1.6 miles, should appear about as 
bright as thc sun. Actually, it will be somewhat less bright, to  an 
extent depcnding on thci clcarncss of the air, because of atmospheric 
attenuation to be considered below. 

6.21 

. 
6.23 

SCATTERING AND ARSOI~PTION 

6.24 The discussion so far has refcrred to  the behavior of the radia- 
tion in the interior and in the inimcdiate vicinity of the ball of fire. 
For this purpose it was justifiable to considcr cold air as being trans- 
parent to all wave lengths longer than 1,860 8, as the mean free path 
of such radiation is many meters. This simplified treatment of atmos- 
phcric transmission fails, however, when the radiant fluxes to be ex- 
pectcd a t  great dislances are requircd. It is neccssary, therefore, to 
inquire into the transmission characteristics of air for radiation in the 
neighborhood of thc visible region of the spectrum, i. e., for wave 
lengths exceeding 1,860 b. 

There are essentially two proct’sses by which a beam of light 
may lose energy in penctrating air, namely, scattering and absorption. 
Two different types of scattcring are important: scattering by indi- 
vidual air molecules, and scattcring by dust or water droplets which 
are suspended in t h o  air. The molecular, or Rayleigh, scattering is 
always proscnt and is a function of thc air density (or molecular con- 
ceatration), to which it is in fact, proportional; that is, it depends on the 

6.25 
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air temperature and thc altitude abovc sea lcvcl. In  addition, the 
intensity of Raylcigh scattering is proportional to the reciprocal fourth 
power of the wave length. scattering of an entirely different sort oc- 
curs whcn there are particles such as dust or water droplets, e. g . ,  fog 
or hazc, in the air. As this typc of scattering is essentially a diffraction 
process, the frequency law is dependent on thc particle size in a com- 
plicated way. Again, the amount OS such scattcring is proportional 
to tlic concentration of scattering ccnters. 

The olhcr process for cncrgy loss from a light bcam is by 
absorption by the atoms or inolcculcs of oxygcn, nitrogen, water, etc., 
prcscnt in the air. This is relatively unimportant cxccpt in the near 
nltraviolct and in the infrared region, where water vapor absorbs 
quite strongly. In  adclition, there may bc some absorption of ultra- 
violet radiation by ozonc which is produced by interaction of gamma 
rays from the atomic explosion with atmospheric oxygen. As a result 
of Raylcigh scattering and the absorption in the near ultraviolet 
region of thc specti-um, ttic transmission of light of wave length from 
1,860 to about 3,000 is grcatly reduccd. This becomes more 
marked with iiicrcasing distnnw from the explosion, so that no radia- 
tion of wave length less tliaii 3,000 is observcd at distances grcater 
than 5 to 10 miles. 

6.26 
, 

ATiwosi~I-IEitIc ATTENUATION 
6.27 Consider a point source o€ light in an infinite homogcneous 

atmosphere aiid suppose this sourcc to bc surrounded with a sphcre 
OS arbitrary radius. Of all thc photons which lcavc the source, somc 
will travel in straight lines and cross the spherical surface, some will 
be scattcrcd, oncr or mow, but will still eventually cross the sphcre, 
and some photons will bc absorbcd and hcncc lost. The photons 
which are absorbed and lost will liowcvcr heat the air within the 
sphere, and this heated air mill eventually cmit its CXC~SS cncrgy in 
the forin of longer wave lciigtli radiation. ‘I‘hc i i c t  cffcct will thus 
bc that all of the cncrgy racliatcd irom tho sourcc will eventually 
cross the spherical surfaco. 

It might bc concludccl from this cxamplc that tho radiant 
energy from an atomic bomb will evcntiislly peiictratc any t~liicbncss 
of air with no attenuation. In  actual 
fact, the bomb will not be surrouitded by a homogcneous atmosphere, 
for the conccntration of scattering centcrs in the air above the burst 
dccreascs in dcusity with incrrasirig altitudo and t h o  atmosphere is 
bounded below by the earth. Thc point of interest hcre is only the 

6.28 

This is far from bcing the casc. 
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attenuation of the radiant energy measured in a horizontd direction. 
The variation in the concentration of scattering centers with altitude 
leads to the conclusion that radiation can penetrate vertically more 
easily than horizontally. For example, a horizontal light beam travels 
through a denser medium than does a vertical beam, and hence i t  
loses more energy by scattering than it gains. Further, most of the 
radiant energy is lost once it strikes the ground. Scattering, then, 
leads to attenuation of tho radiant energy; analogous reasoning 
shows that absorption has a similar cflcct. Energy is thus lost, from 
the horizontal radiation by selective upward scattering and by absorp- 
tion in the ground. 

Another mechanism for loss of radiant encrgy may be found 
in convection currents. The hot ball of lire docs nol radiate away 
all of its energy, for the heated gases arc lighter than the surrounding 
air and they consequently rise, evcnlually' carqing a part of their 
energy high into the atmosphere. For this reason, much of the 
radiant energy lost by absorption is never regained by re-radiation. 

The theoretical treatment of scattcririg and absorption is 
extremely complex and will not be attempted hcre. It appears, how- 
ever, that allowance for atmospheric attcriuation, due to absorption 
and scattering, may be made, to a reasonable approximaf,ion, for each 
spectral component of wave length X, by means of  the exponential 
factor e-khD, where kx is the attenuation coefficient for the specified 
wave length. For a sourcc which is not monochromatic it is neces- 
sary to integrate over all wavo lengths from 1,860 8 to infinity, but 
for most purposes it is more convenient, and rcasonably satisfactory, 
to use a somewhat less accurate, but simpler, mean attenuation factor 
e-ICD, where the coefficient k is Ihe value of kx averaged over the spec- 
trum of wave lengths from 1,860 8 to infinity.* 

The fact that I c X  depends on thc wave lorigth leads to an 
alteration of the spectrum of the radiant encrgy with dishnce. Gen- 
erally, it can be said that Eayleigh scattering preferentially removes 
energy from the short wave lengths, and that, water vapor absorbs 
much of the infrared. The value of the mean attenuation coefficient 
k will usually vary from about 2 kilomctcrs-I, i. c., 2 km.-I, in a dense 
haze to 0.10 km.-l in an exceptionally clear atmosphere. The relation- 

6.29 

6.30. 

6.31 

8 Because of the considcralions ieferred to in $ 6  28, the mean attrniietion factor X will vary with the distance 
from the explosion. At niodeiatcly close distances. whrsio Iho offocts of the radrahon in causing skin hnrns 
and initiating flres arc important, k h  should hr av?raged ovc I all wavc lengths fiorn 1,1360 d to mflnity, as 
stated above, although the range boni 2,000 d to inflinty IS piotvahly ndequato. nut at distances in excess 
of 6 or 10 miles, depending on thr stato of the atmospheie, thr lower liirut of wave Iongth is about 3,000 A, 
since the attenuation of radiation in the raiigc from 1,860 to &OD0 1 is then very considorablo. 
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ship bct,ween IC and tho visibility rangc, i ,  o. ,  tlic liorizoiital distance 
at which a large dark object can be sccn agaiiist the horizon sky, is 

ATTENUATION COEFFICIENT I h hi' ) 

Figure 6.31. Attenuation coeflicieiit of radiation by air as function of visibility. 

depicted in Fig. 6.31. When (,he air is cxccptionally clear, i. c., IC is 
0.1 km.-', the visibility range is seen to be about 40 km. or 25 miles. 
On an average clear day, IC may be in tlic vicinity of 0.2 km.-', but in 
gencral, especially in large cities, the visibility range is usually not 
more than 10 km., i. e., 6.2 miles, and k is then about 0.4 km.-'. 

In many cases, atmospheric transmission may be complicated 
by temperature inversions and by low-lying clouds. In such circum- 
stances, tho problem of transmission with scattering and absorption 
through a stratified atmosphere arises. This problem is very complex 
and an adequate treatment is not possible here. 

In  order to make allowance for atmospheric attenuation, in 
the manner indicated above, the expression for the radiant flux at  a 
distance D from the explosjon, without attenuation, as given by equa- 
tion (6.19.1), is multiplied by the mean attenuation factor e-"; the 
result, is 

6.32 

6.33 
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Since the flux i is the 
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(6.33.1) 

rate a t  which energy crosses a unit area of a 
surface, the total thermal radiation energy Q delivered per unit area 
at  a given distancc will be obtained by integration with respect to 
the time ( t ) ;  thus, 

Q=J,m 4( t )dt  (6.3 3.2) 

((6.33.3) 

6.34 If the values of j o ,  T and 1;) are known as functions of time, 
and the attenuation coefficient k is availahlo, i t  would be possible 
from equation (6.33.3) to  determine tho total thermal energy delivered 
per unit area at  ang distance D from an atomic explosion. Although 
this method is quite gmcral, it is not simple to  use, and hence an 
alternative procedure may bo atlopld. This depends on a knowledge 
of the total energy emitted by the bomb as thermal radiation. 

Let E be the total thermal radiation encrgy produced in an 
atomic explosion; then, if thcro were no atmospheric attenuation, the 
energy delivered per unit area at a distance D would be given by 
E/4rD2. If this is rniiltiplictl by the attcnuntion factor e-kD, the 
result is equivalent, to Q as given by equation (6.33.3); thus, 

6.35 

(6.3 5.1) 

The value of Eis not known precisely, but for a nominal atomic bomb 
it may be taken as 6.7X 10l2 calories, as stated in 9 6.2. 

By means of this equation, it is possible to calculate the 
amount oE thermal radiation energy delivered per unit area at  any 
distance from an atomic explosion, for a specific value of the mean 
attenuation coefficient. The latter is usually expressed in km.-', as 
seen above, and so the distance D in the exponent should be in kilo- 
meters. On the other hand, if the unit area is to  be 1 sq. cm., then 
D in the denominator will be expressed in centimeters. The results 
ol these calculations for sevesal values of k are plotted in Pig. 6.36. 
The damage caused by thermal radiation is largely determined by the 
total radiant energy delivered to unit area (0 6.49). Hence, the in- 
formation contained in Pig. 6.36 should provide the basis for esti- 

.mates of expected damage at various distances from an atomic bomb 
explosion under difl'erent atmospheric conditions (0 6.50). 

6.36 
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Figure 6.36. Total thcrmal cncrgy delivered as function of distance for different 
atmospheric visibilities. 

SCALING LAWS 

6.37 7’he cnlculntions in the carlicr portions of this chaptcr have 
dealt spocificnlly with tho thcrmnl radiation from n nominal atomic 
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bomb of 20 kilotons TNT cquivalcnt energy release. In order to 
determine the corresponding results for a bomb of different energy 
yield, scaling laws niay be employcd. A precise treatment can be 
made with the aid of‘ equation (6.33.1) together with the scaling laws 
given in Chapter 111. However, the same conclusions may be reached 
in an altcrnative manner. 

Consider f,wo bombs whosc total energy releases are Wl and 
W2. It is reasonable to  assume that thc fraction of energy liberaked 
as thermal radiation is approximately independcnt of the total energy; 
hence, E2,’W2=El/Wl, where El and E2 are the respective thermal 
radiation energies. Making use of cqualion (6.35.1), it follows that 
at  a given distance from tho explosions 

6.38 

(6.38.1) 

where Q1 and Q2 are the total amounts of radiant energy falling on 
unit area in the two cases. This r w u l t  represents a scaling law which 
states that thc total radianl cnergy crossing a unit area located at  a 
specified distance from the cxplosiori is proportional to the total 
energy released by tha bomb. 

It is of inlcrcst to compare the distances D1 and D2 at which 
the atomic explosions of total cnergy IV, and W2 have the same effect 
as far as the t,hcrmal radiation is conccrncd, i. e., Q1=Q2. By equation 
(6.35.1) 

6.39 

and 

and if thcse are set equal to one another, it €allows that 

(6.39.1) 

(6.3 9.2) 

(6.3 9.3) 

It was assumed above that the thermal radiation energy is a definite 
proportion of the to td  energy release W; hence, 

(6.39.4) 

6.40 The ratio (D2/DJZ may bc taken as the ratio of the areas 
damaged by thermal radiation in the two explosions; it is secn from 
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equation (6.39.4) that  this moiild be cqiial to  the  ratio of Ihc rcspcctive 
cncrgy i~~lcasc~s if it wore not for the exponential attenuation faclor. 
I n  compni.ing two bombs which arc not Loo large nor too different in 
sixc, the cxponcntial factor is nearly unity and tho thermal-damage 
R ~ C I ~ S  arc approximately proportional to the energy releases. If, on 
the other. hand, one of thc two bonihs being compared is vory large, 
the  exponential factor bccomcs increasingly important, so that, 
hyond a ccirtain size, f u i ~ ~ l i r r  increase of the cncrgy release of the bomb 
tins little cif'cwt on tlic tlic~rmal dnmagc area. 

It will bc rccnllccl from 8 5.27 that the ratio of the arcas dam- 
aged by shocl< w n v ~  is npproximntcly proportional to the two-thirds 
~ O W C J -  of t h o  cncygg rclcnsc of thc bomb. Hrnw, for bombs which 
arc' not too large, thc. t hc ixd  damage arca increases more rapidly 
with the cwcrgy of the bomb than docs the nrca clnmagcd by blast. 
For large bombs, however, tlie lnttcr incrcnscs more rapidly than the 
formcr. 

6.42 Although cqiiation (6.39.4) is useful in showing how tho 
damage area due to tlicrmal radiation varies with the energy release, 
a simplcr, but cqiiivalnnt, scaling procedure can be used to provide 
information of practical vnluc. In  order to obtain tho  effect of a 
bomb of cncigy i~'1~nso cquivalcnt i o  1.I' kilotons of 'I'NT, the appro- 
priatc valiic of thc cncrgy rcceivcd pm unit area, read from Fig. 6.36, 
is multiplied by W/20, since the results in this figure refer lo 20 kilo- 
tons 'L'NT cqiiivnlcnt cncrgy. Some curves obtained in this manner, 
taking the attciiuntion cocflicient k as 0.1 km.-', arc given in Pig. 
6.42; they show llic distances from the explosion at  which specific 
amounts of encrgy arc recoivcd, per unit area, as EL function of the 
cncrgy released in the explosion. Similar curves can, of course, be 
rcadily obtained from Fig. 6.36 for other values of thc attenuation 
cocfficicnt. 

6.41 

C. THERMAL RADIATION EFFECTS 

ARSORPTION O F  'I'HERMAL RADIATION 

6.43 It was secn in thc preceding sections of this chapler that 
bccauso of the high tcinpcraturcs attainod in an atomic explosion, 
the bomb resembles tho sun-cxccpt for it being much nearer-in tho 
respect that a vcry large amount of cncrgy is emitted as thermal radia- 
tion. With a coiivciitioiial high-explosive bomb, not only is the total 
cnergy release much smaller, but the proportion of energy that 
appears as radiation is also very much less than for an atomic bomb. 
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0 20 40 60 0 0  100 

ENERGY RELEASE (kilotons TNT EQUIVALENT) 

Figure 6.42. Distance from explosion at which definitc amounts of thermal 
energy are clelivered as function of cncrgy release of bomb. 

Consequently, the thermal radiation eflccts of a convcntional bomb 
are insignificant, but in an atomic explosion thcy arc of great impor- 
tance. The resulting phenomena arc novel, at  lcast as far as bomb 
detonation is concerncd, and t,herefot-c mcrit some discussion. 

6.44 The proportion of the thermal radiation emitted in a partic- 
ular atomic explosion tliat reaches the earth's surface depends on the 
distance from the burst and the clarity of the atmosphere (cf. Fig. 
6.36). Because of absorption by the constituents of the air, this 
radiation will lie almost exclusively in thc spectral region of wave- 
lengths exceeding 1,860 8. That is to say, it will consist of ultraviolet 
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(from 1,860 to about 3,850 A ) ,  visible (3,850 to 7,600 A), and infrared 
radiations (beyond 7,600 A). 

When thc rttdirttioii falls on mattcr, part may be reflected, 
part will be absorbcd, ancl the remainder, if any, will pass through, 
iiltimatcly to fall 011 other portions of maltcr. It is the radiation 
which is absorbcd that is important for the present purpose. The 
extcnt of this absorption dcpcrids on tlic nature of the matter and also 
upon its color. A black material mill absorb a much larger proportion 
of the tlicrmal radiation Idling on it than will thc same material when 
colorcd whitc. 

6.46 Somc of thc radiation absorbed, particularly that in the 
ultraviolet spcctrnl region, mag prod ucc clicmical reaction, but most 
o€ tlic absorbed thermal rnditttioii is converted directly into heat.9 
As a result thr tcmpcraturc of the a1)sorbiiig material riscs, and harm- 
ful consrqticIiccs rnny ensue. It has bccri cstirnated, for example, 
that in the atomic bomb explosions in Japan, which took place some 
2,000 fcct above the surface ol tlic cart,h, thc temperature at ground 
zcro, duc to thcrmal radiation, was probably lnetwcen 3,000' and 
4,000' C. I t  is truc that the  temperature fell off rapidly with increas- 
ing distance from thci burst, but the cflects were definitely noticeable 
as far as 2 milos away or more. 

An important point in connection with the thermal radiation 
from an atomic bomb is riot only the amount of energy in this radia- 
tion, but also the fact that nearly tlic whole of it is emitled in an 
extremely short time, about 3 seconds from the  initiation of the 
explosion. In  other words, the intensity o€ the radiation, which is a 
measure of thc ratc a t  which it roaches a particular surface, is very 
high. Bcc.ause of this high intcnsity, the heat accompanying the ab- 
sorption of tlic.rrna1 ratlintion is produced rapidly, most of it in the 
surface of thc body upon which it falls. Sincc only a small proportion 
of the heat is clissiptLtcd by conduction during the short interval, high 
surface Icmpcmturcs arc attained. If the emission (and absorption) 
of the same amount of thermal radiation occurred over a much longcr 
period, tlic surface temperatures would be considerably lower, and thc 
consequent clamagc much less, although the total amounts of radiation 
absorbed arid oI heat produced would be unchanged. 

6.45 

6.47 

Actually tho oiicigy of d 1  i ndiatinns f in i r i  an atomic bomb, hoth tlicrriial and nticlcnr, will ultiinately 
appear as hcai, hiit \I it11 thc  I I I I C ~ L ~ L  i i~l l : l t io~is  tlic c n i i \ c ~ b i ~ i i  IS I cry m d i i c ~ t  mid may tnkc an npprocidhlo 
imo. 
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CRITICAL ENERGIES 

6.48 The most important physical cffecls of the high temperatures 
due to the absorption of thermal radiation are, of course, ignition or 
charring of combustible materials, and the burning of skin. The 
ignition of materials involves a large number of factors, and it is, in 
general, very difficult to  establish definite conditions under which 
such burning will or will not occur. Somewhat similar considerations 
apply to  skin burns. Howcver, it sccrns t,o he established, at  least 
as far as wood charring and skin burns arc concerned, that if the 
heat is supplied a.t a rapid rate, as would be the case for the absorption 
of radiation of high intensity, the essential criterion is the total energy 
received por unit area. 

The general nature of the results obtained for the charring 
of wood is shown diagrammatically in Fig. 6.49. The ordinates 

6.49 

RATE OF ENERGY SUPPLY. 
B 

Figure 6.49. Totd  energy mecessary for ignition of wood as function of rate 
of supply. 

represent the total amount of energy supplied as heat per unit area 
of the wood, and the abscissas give the rate of heat supply per unit 
area. It is seen that as the rate of heat supply increases, the total 
energy necessary Lo produce charring at first decreases, and then 

883555"-- 50-.14 
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rcachrs a constant limiting vnluc. This means tt-lat, assuming the 
lirnt lo be siipplicd sulliricntly rapidly, as i t  is by tlir thcrmal radia- 
tion fmn an ritomir bomb burst, thcrc is a certain minimum or 
criticnl qiiaiitity of licnt rnergy per iiiiit area, rcprcscntcd by Ec, 
wliich is ncccssary to p ro t l i i c~~  cliarring of mood. Appttrcntly, the 
samc ciitrrion is applical)l(~ to skin hiirns, and probably to  other 
plicnomcna assochtctl with high surface tcmpcrntiirrs. 

6.50 Espcrimcnts lrnvc bcrn inedc to drtcrminc the apparcnt 
critic+nl heat cnrt-gics rcyiiircd to product) ccrtain effects in various 
matct~ials, by supplying radiant cn y of high intensity, i. e., at  a 
high rtitr, about 55 t-nlorit.s per sqiitiro ccntimctci. pcr sct~o~itl ,  from a 
cnrhon t i r t 4 n r n p .  Tlic. coiitlitions rnny be rcgartlcd as rcscmbling 
tliosc riccoinptnying n n  atomic csplosion. Somr of thr rcsiilts ob- 
tainctl licive l ~ r t ~ n  apj~r~osinin let1 ant1 rrco-ldcd in Table 6.50; in the 
last two coliiiniis of (Iris tablc arc given tlic tictila1 clistanccs, RS 

cstirnatcti from Fig. 6.36, fi-om a nominal atoinic bomb burst, at which 
thc rcspcctivc cncrgits woiiltl br attninctl for. two different vnlucs of 
the ntmospl-lcric nttmuatioii cwfficirnt ( 8  6.31). On an average 
clrnr day IC inny bo rcgar-tlcd tis lying bctwccn 0.2 tmtl  0.4 Itni.-’ (see 
Fig. 6.31). ‘I’1-l~ co~*~*rspontling rl ishnc~~s for bombs of differcnt 
cncr-gics cnn bc rstinintccl bp irsiiig thc sctding hws givcii in 0 6.42. 
It shoiiltl bc iiotctl tlint tli(\ tlistaiiccs qiiotcti rcprtwxit thosc from the 
homh hiitst ; the  c o ~  tq)onding (list tiiicm from ground zero would bc 
soineldint lcss, tlcpcntl iiig on the licigh t of burst. 

6.51 Sonic of tlic tlat,n qiiotcd, cspccially for wood and textiles, 
arc rough avciongcs, for tlicrc nre apprcriablc variations with the 
natnrc of tlic T V O O ~ ,  its dryncss, trcatmrnt, e .  g., paint, varnish, otc. 
The color nritl type of thc  tc.stilc niatci*ial tils0 liavc an influence on 
thc obsri*vctl critical h i t  cricrgy. IIowevc1-, the valiics do  givc an 
indication of n ~ l i i t t ~  is to br cxpcctcd as a result of thermal radiation 
from a n  titoiiiic csplosion. 

From tlic fignrcs in Table 6.50, iL rnny IN> concliidcd lhat 
cxposurc to tli(~rinn1 rndintiou from n nominal ntoinic bomb, on a 
€aii*ly clrar dny, wo~ild lrntl to nrorc or lcss serious skin burns within a 
radius of about 10,000 fcct from ground zero. This is in general 
agrccincnt with the cxpcricnccs in Japan, which will h r  rcfcrrcd to 
brlow. HOWCVC~,  in spite of its great range, protcction froin thermal 
radiation is rasily ndiirvcd. Thc rays trnvcl in straight lincs, and so 
only direct csposu~’c, in the open or through windows, would lead to 
harmful conscqucnct’s. Shrltcr behind nlniost ariy objcwt, such as 
nnymhcrc in the intrrior of‘ n lioiisc, nwny from windows, of course, or 
hchind a trcc, or even protection of onc part of the body by another so 

6.52 



THERMAL RADIATION BFFECTS 201 
‘ I ’ A ~ L K  6.50” 

CRITICAT, EINI<RGIES AN 1) DISTANCES FROM ATOMIC 
B:XPI,OSION 

Matorial ICffcct Critical 
energy 

col . /cni .2  
3 
2 
8 

10 
3 
8 

11 
3 
7 
9 
8 

25 
8 

10 
10 
17 
7 

10 
3 
3 
8 
2 
7 
4 

15 
8 

72 
75 

EfEcctivo distance 

=0.2km.- 

I k t  
-~ 

10, 000 
12,000 
7,000 
6, 300 

10, 000 
7,000 
5,900 

10,000 
7, 300 
7, 150 
7,000 
4, 300 
7,000 
6, 300 
6, 300 
5, 100 
7, 300 
6, 300 

10,000 
10,000 
7,000 

12,000 
7, 300 
9,100 
5, 400 
7,000 
2, 400 
2, 400 

=0.4 km.-1 

Feet 
8,400 
9, 600 
6,000 
5,400 
8,400 
6, 000 
5,200 
8,400 
6,300 
6, 150 
6,000 
3, 800 
6,000 
5,400 
5, 400 
4,400 
6, 300 
5,400 
8,400 
8,400 
6,000 
9, 600 
6, 300 
7,600 
4,700 
6,000 
2, 300 
2,300 

‘The critical cncrgioq have boon adeptcd from mcasnroments madc at thc Matcrial Laboratory, New 
York Naval Shipyard. 

as to avoid direct exposure to tho atomic bdl  of fire, would be effective. 
Only fairly close to ground zero would tho bhermal radiation be ex- 
pected to pcnctrat>e clothing, arid so parts of the body covered in this 
way arc generally safe from ther~mul radiation burns. 

SKIN BURNS DUE TO THERMAL RADIATION 
6.53 One of the striking facts connectcd with the atomic bombing 

of Japan was the largc number of casualties attributed to what have 
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bceii callcd “Rash burns”, causecl by the instantaneous thermal 
radiation lo. It has becn estimatcd that 20 to 30 pcrccnt of fatal 
c~asunltics a t  Ilirosliiina and Nagasaki were due to such burns, as 
distinct from those who sufl’cred the more familiar flame burns. 
Thcrrnal radiation burns wcre recorded at a distance of 7,500 feet 
Ironi ground zcro at Hiroshima and as far as 13,000 feet at Nagasaki. 
T h o  incidence of thcsr burns, as might have been cxpectcd, was 
invmscly rclntcd to the distance from the explosion. 

A vcry distinctive fcntwc of thc thcrnial radiation burns was 
tlirir sharp liniitntiori to rxposcd arcas of thc skiri facing the ccnter of 

6.54 

Figure 6.54. Partial iirotcction against tlierinal radiation at 6,500 feet from 
The cap was sufficient to protect the ground ecro protlriccd “pro8le” burns. 

top of the head against flash burn. 

the cxplosion; they were consequently sometimes referred to as 
“profile burns” (Fig. 6.54). This is due to the fact mentioned above 
that the radiation travcls in straight lines, and so only regions directly 
Exposed to it will be afrccted. A striking illustratioii of this behavior 

10 ‘I’hc i)hysical and physiological aspects of these “flash biims” duo to rapid heating of the skin differ to 
somc extent from thoscs of ordinary flair10 bnrns (see Chapter XI). 
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was that of a man writing before a window. His hands wcre seriously 
burned, but his face rind neck, which were not covered, suffered only 
slight burns because the angle of entry of the radiation was such as to 
place them in pnrtid shadow. 

Although thermal radiation burns were largely confined to 
exposed parts of the body, there were a few cases uhere such burns 
occurred through one, and very occasionally more, layers of clothing. 
Instances of this kind were obscrvod only near the center of the 
explosion. Where bums did occur thimgh clothing, these tended to 
involve regions where the clothcs wcrc tightly drawn over the skin, a t  
the elbows or shoulders, for example, while areas where the clothing 

6.55 

I Figure 6.55a. The 
protective effect of thicker l ayc r~oan  be seen on the shoulders and across 
the back. 

The skin under the a,r as of contact with olothing is burned. 
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littcd looscly \vcrc uiiharnicd (Fig. 6.55a). Finally, because white or 
ligli t colol-s rcflcctcd the thcrninl radiations, they gcncmlly afl'orded 
bcttcr pi-otcction tlinri dark clothing. Thus, it  was not unusual to 
find burns through blncli clothing, but not through white matcrial 
worn by thc snrnc individual (Fig. 6.55b). 

Ii'igurc 6.55b. The patient's skin is brirncd in a pattcrii corresponding to  the 
dark portions of a Iriinono worn at the time of the explosion. 

RELATIVE I M P O R T A N C E  OF I N F R A R E D  AND ULTRAVIOLE r RADIATIONS 
IN SKIN BURNS 

6.56 In tlic Cowgoing trcntinent thc influence of the total absorbed 
ndiation has bcen coiisidcrcd as being due to its convcrsion into 
licat. The rcsultiiig high tcinperature then presumably causes 
chemical changes to take place which inanifcst themselvcs as skin 
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burns. I t  is well known, how ver, that ultraviolet radiation, in the 
wave length region of 1,860 t 3,400 A, can cause erythema, i. e., 
reddening of the skin, in moder to doscs, leading to painful blistering 
for higher doses. These effect 1 are probably due to direct chemical 
action of the radiation of short, wave lcngth and are not related to 
the heat produced Since the radiation from an atomic bomb con- 
tains a fair amount in tho ultraviolct region, it is of interest to con- 
sider how much this might contribute to skin burning." 

By using the Planck cquation (6.15.1), tho energy emission 
as a function of wavc length at  various temperatures can be calculated, 
as shown in Fig. 6.15. From a knowlcdge of the atmospheric absorp- 
tion coefficients of radiations of differcnt wave lengths, in the range 
from 1,860 to 3,400 b, t ho  propyrtion of energy within this range that 
reaches the earth at  various diStances from a given source, e. g., an 
atomic bomb, can bc estimated.12 In this way it has been found that 
the energy in the rangc of interest is a maximum fraction of the total 
at  a temperature of LO,OOOo K;  t h o  contribution is less at  higher and 
lower temperatures. Conscqucntly, instead of attempting to inte- 
grate the energy in the rangc of 1,860 to 3,400 8 over all temperatures, 
it is supposcd that 1,hc tcmpcraturc is constant at  10,000' K. By 
using this approximation it is believed that a maximum effectiveness 
of the ultraviolet radiation can bc cstimated. 

Sincc the tcmperaturc of the ball of firc is always below 
about 7,500' K after the first minimum (see Fig. 6.6), it may be sup- 
posed that< essentially all the ultravialct radiation of interest is emitted 
before this point. The total thermal radiation represents approxi- 
mately one-third of the total bomb energy ( 5  6.2), and supposing 1 
percent of this to  bo emitted bcfore the minimum, the thermal radia- 
tion energy bcfore the minimum is calculated to be 6.7X 1O'O calories. 
The amount falling upon 1 square ccntirneter at  various distances, 
neglecting atmosplicric absorption, is then readily calculated to be 
0.5 calories per square centimeter at  1 kilometjer, and 0.125 calories 
per square centimctcr at  2 kilometers. This will be called the incident 
radiation energy. Only a fraction of the energy, estimated from the 
Planck equation and tho absorption cocfficient, as described above, is 
in the rangc of 1,860 to 3,400 A;  thc values are given in the table 
below. 

6.57 

6.58 

11 The radiation emittcd from the ball of Are extrntls below 1,801) 1, and this is also capable of producing 
skin burns. But since it is almost entirely absorbed in tho atmosphere before roaching the earth (see $6.17), 
it may be ignorcd. 

12 The actual range used in the calculations was 2,000 to 3,400 8. This is justiflablc, at appreciable dis- 
tances from the bomb burst, bccause of absorptbn by air of tiIe near ultraviolet radiations, as mentioned 
in 6 6.30, footnote. 
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6.59 Furtlicr, not all the  ultraviolet. mavc lcngths arc equally 
cflcctivc in producing crytlicma, ctc., and an erythemal cflectivencss 
factor, dcrivcd from actual cxpcriments, can be estimatcd.lg If this 
is multiplicd by thc cncrgy fraction described above, the rcsult is the 
ovcr-all factor of cfl'cctivcness of the iucirlent radiation energy given 
in thc prccctling paragraph. Tlic product of thc incidcnt radiation 
cncrgy arid this over-nil cll'cctivcnrss factor rcprcsents tlie equivalent 
cncrgy in terms of prodiiciiig crythema. 

6.60 Hcforc t h s r  rcsults can bc turned to prac*ticd usc, i t  is 
iicccssary to know the minimum amounts o l  cncrgy in thc critical 
rcgion which mill pr0cluc.c blistcring, painful burn, crythema, and 
so on. Thcsc threshold eiwrgirs vary irom one iiidividual to another, 
and so tlic general coiicliisioiis rcachccl lrom the forcgoing calculations, 
and rocordcd in 'l'nble 6.60, arc given €or Llic avcrage individual, for 
50 pcrccrit of inclividuds, aud €or the most sensitive individuals. 
Thc cstimatcs havc bccn rrindc for two distanccs, namely, 1 and 2 
kilometers from a11 atomic, explosion, and for two different valucs of the 
visibility i-aiigc, i e., clarity of the nttnospherc, 119 kilometers (per- 
fectly clear.) arid I8 kilomctcrs (clcar) . I 4  

TABLE 6.GO 

EI1YTTJEMA1, I5FFRC'l'S O F  UI,TIIAVIOT,IGT RADIATION FROM 
ATORIIC I3OMB 

1 km. 
18 

0. 5 

0. 07 
0. 29 
0.010 

Vivid 
cry t,licmn 

I3rir11 

Blistering 

119 

0. 5 

0. 12 
0. 31 
0.019 

Painf nl 
burn 

Painful 
tlnrll 

Blistcriiig 

2 km. 
18 

0. 125 

0. 04 
0. 17 
0. 001 

No cffect 

No cffcct 

Erythema 

119 

0. 125 

0. 11 
0. 21 
0. 003 

No cffect 

Erytliema 

Vivid 
Erythema 

13 'PI10 most efkctivc ladkition in the near ultraviolet rcgion is that of wave length ahoul2,070 A; assuming 
this to havc a11 cffcctivtwm hetor of l(10, 1110 valncs f d l  off rapidly lor both longer and shortor wave lcngths, 
o. g.,  ttic factor is do\rm to IO at Z,XDO 4 aiic1 nt 3,100 b. irowcver, tile erytliomal factor increases again 
rfwidly for wave Icnrths loss than 2,000 A. 

14 These visibility rniigcs cotrespotid to  mean nttcIiuatioii coefticients (g 6.30) of about zero and 0.22 kilo- 
meters -!, rcspcelivcly (see Pig. 6.31). 
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It would appear from Tablc 6.60 that on a clear day, only 
the most scnsitive individuals exposed to thermal radiation from an 
atomic bomb would develop erythema at  a distance of 2 kilometers, 
i. e., about 6,600 feet. From Table 6.50 and from Japanese experi- 
ence, however, i t  is probable that at  this distance definite skin burns 
would have occurred due to thermal radiation. Consequently, 
unless bhe calculations arc seriously in error,I6 i t  may be concluded 
that the ultraviolet range of the thermal radiation from an atomic 
bomb does not make the major contribution to skin injuries. If this 
is indeed the case, as appears probable, then infrared radiation is the 
main factor in causing the so-called flash burns due to the atomic 
bomb. 

6.62 Thc question of wliethcr it is the ultraviolet or the infrared 
rcgion of the spectrum tihat is responsible for thermal radiation burns 
is a subject of more than mere scicntific intcrest. If i t  is the infrared 
wbich is the most important, then, thcre is a, possibility that a person 
caught in the open by the explosion of an atomic bomb may have 
sufficient time to takc cover, or other appropriate evasive action, and 
thus reduce the thermal radiation damage. This would be possible 
bccause most of thc infrared radiation is emitted by the ball of fire in 
its latcr sta'gcs, following the sccond tempcrature maximum (Fig. 
6.6), that is to say, from about 0.3 sec. to 3 SCC. after the explosion. 
'rhus, if protection could be found within 1 sec. of the explosion, the 
exposure to infrared radiation would be very ronghly one-third of 
the total amount recejvcd a t  that distance. Under many circum- 
stances this diff ercnce would be vary significant. 

6.61 

OTHER EFFECTS OF THERMAL RADIATION 

6.63 Apart from the actual ignition of combustible materials which 
resulted in fircs being sbrted, a s  will be dcwribed shortly, a numbcr 
of other phenomena obscrved in Japan testified to  the intense heat 
due to the absorption of tlicrmal radiation. Fabrics (Fig. 6.63a), 
telephone poles(Fig. 6.63b), trces, and woodcn posts, up to a radius of 
9,500 feet from ground zero at  Hiroshima and up to 11,000 fect in 
Nagasaki, if not destroyed by Lhe gcneral conflagration, wcre charred 
and blackened , but only on the sidc facing the cen tcr of thc oxplosion. 
Where these viiere protected by buildings, walls, hills, ctc., there was 
no evidence of thermal radiation burning. 

16 Because of absoyption of the radiation in tho near ultraviolet region in its passage through the atmos- 
phere, it is probable that the iiifiueiice of the ultravlolol has been ovorestimated, rather than underestimated, 
in those calculations. 
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Vigurc G.G3a. Flash burii5 on ~iliiiolhtcry of chairs c\l)oxxl to  bomb flash at win- 
(lo\\, 5,300 fcct fro111 grolmi mro. 

6.64 Ail iritciost,irig casci ol  sliadoiving of this kind, duc to the 
fact  that thc  radiation travels in straight lines, was recorded at  
Nagasaki. T h e  tops aiid uppor parts ol a row of wooden posts wcrc 
hcavily charred, 1)ut tlic charriiig was sharply liinitcd by the sbadow 
ol a wall. Tlris mall was, l~owcvcr, coinplctcly d cmolislicd subse- 
quciitly by the blast wave which must have arrived after the thermal 
idintion had cnuscd the cli:ming.16 By obsrrving such shadows, 
(Last by in tervcnirig objects irlicrc llicy shicldctl otlicrwisc exposed 
siirfwcs, tlic cciitcr ol tlic cxplosion was located with considerable 
:Lcciirncy (Figs. 6.64 :L and 1)). Purthcr, in a riurrihcr of cases lhcsc 
dindo\vs dso gavc an inch-ation ol the height of biirst, and occasion- 
ally a distinct pcnumbm was fourid from ~vliich it was possiblc to  
calculate tlic dianictcr of tlic ball o€ fire at the time thc radiation 
iritciisity was at  its maximum. 

18 Tlic themial radiation tiarcls with tho s g c c d  of light, but the velocity of tho slroclr wnvo is much less, 
1%. E., ahout 2 inilcs pcr sociind nt ii short ilistnncc from tho cnplosion, uitiinatcly dropping to tho spccd of 
sourid, i .  c., abon l  me-f~ftli rriilc j)cr sccoiitl (scc C~linptcr HI), 
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Ii’igiire 6.63b. IQsh l)urri\ 011 u ootlcii \)olcs, 6,200 fcc t  from groiuitl zcro. 
uiicliarrcd portions were ~irotcctcd from tiieriiinl radiation by a fence. 

‘I’lic 

6.65 Among the striking cfl’ccts of tlic thermal radiation was the 
rorigliciiing of the smfacc o i  polislied granite mlirrc thcre was dircct 
exposure. This roughciiing was nttributcd to the iiricqual cxpaiisioii 
of the coiistituciit crystals of thc stonc, a id  it is estimated tliat a 
tcmpcmtur(~ of aboiit 600’ C. was necessary to produce the rcsiilts 
observed. Igrorn tlic clcptli of roughening and ultiinntc fluking of tlic 
granite surfacc, tlic dcptli to wliicli this tcinpcratiirc was a t t rhcd  
c.oiilcl bc dctcrmiliccl. Thcsc obscrv:itioiis m c r ~  iiscd to cstimatc tlic 
nvcrt~gc g~oiiiid tcinpcrnturcs iiiinictliatcly :ii‘tcr tlw atomic cxplosioii. 
‘1‘h lnct tlirLt graiiilc W ~ I S  licntcd r ~ s  high as nt least GOOo c., to nii 

apprcciablc dcptli, is sonic itidicrition oP the high maxiinurn tempcra- 
tiircs that inlist liavc bccri rcachcd. 

Anotlici- rcinnrknblc cll’cct wns tlic bubbling or blistcring of 
Ibc tile .cvhicli is widely used for roofing in Japan (Fig. 6.GG). This 
plicnorncnoii w ~ l s  obscrvcd out  lo 4,000 lcct lroin tlic explosion ccntcr. 

G.BG 
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r i  1 he  size of the biibblcs ant1 their extent increased with the proximity 
to g1~ountl zero, ant1 slso with thc squarcncss with which thc tilc 
itsclf fncod llic explosion. In  a test, using iindamnged tilc of tho 
snmr liind, n t  thc  IJiiitccl Stntcs Burcnu of Stnndnrtls, it was found 
t l in t  LL similar blistcrcd surfncc c~oulcl be obtained by licnting to 

Figlire 6.64a. Flasli marks produced by tlicrinnl ratliatioii on asplialt of bridge. 
Wlicre tlic railings hervctl as n protection froin thc radiation, 1,herc were no 
mnrlrs. Thc Iciigth and tlircctioii of the “shadows” indicatc the point of the 
110111l1 cx1)losion. 

1,800” C. for n pcriod of 4 seconds. The effect so produccd extended 
tlccpcr into thc tilc than did that  caused by the atomic bomb; from 
this rcsult it was coriclritlctl t ha t  in the bomb explosion tho tilc was 
siibjectctl to n tenipcratiiit of inow than 1,800” C. for less than 4 
sccoritls. 

(3.67 A furtlicr iiitcrcsliiig feature associated with the thcrmal 
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Bigure 6.64). I’aiiit oil gas holilcr, 7,000 fect from groiiiid zcro, scorclictl by 
the tlicriiial radiation, csccpt wliere prolcctcd by the valvc. 

radiation was tbc bchavior of light and clarlr fabrics. As nicntioncrl 
nbovc, the formcr rcflcct n larger proportion of tlic radiation, and so 
thcy arc n bettcr protection against, skin burns. At llic same timc, 
thcy do not attain as high n tcrnpcrnturc ns do dark nintcrinls. In 
one case, a shirt consisting of nltcrnntc iiarrow light and darli gray 
st,ripcs hncl tlic dnrk stripcs b i i~ i c t l  out, bill tlic light stzipcs wcrc 
untlaiiingcd (Big. 6.67). Similnrly n piccc of papor, wlrich had bccn 
exposed about I .5 rnilcs from groiind zcro, hat1 the charnctcrs, writtrn 
in blac.1~ ink, burnccl out,  bu t  t2ic rcst of tllc pnpcr was not greatly 
affect cd. 

D. INCENDIARY EFFECTS 

ATOMIC BOMB AS TNCENDIAI~Y WEAPON 

6.68 The inccndinry cffccts, that  is, llic oflcwts duc  to fire, ac- 
compniiying tm at oiriic explosion, do not prcscnL any clinrnctcristic 
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fcntiircs. I11 principle, the same result, as regards destruction by 
lilac nnd blast, might be nchicvctl by the use of conventional high- 
explosive and inccndinry bombs. It has bccn cstimatcd, for cxamplc, 
t l i r ~ t ,  t,hc physical dnmagc to buildings, ctc., equivalent to that at 
I liroshiina coiiltl bc pt~oduccd by approximntcly 325 tons of high 
c~ylosive and ahoitt 1,000 tons of incendiary bombs. It can be sccii, 
Iiowcvcr, that  tlic ntornic bonih is illliqilc in tlic ovcrwlirlrning natuw 
of its tlcstt~uctivcnc~ss, and this is pnrticularly true ns far as inccridiary 
cfTcc>ts arc’ cwicvrnc~cl. 

li’igiirc G.66. Ulibtered surfacc of roof tile iicm ground ecro, about 2,000 feet 
irorn tlic point of the burst. Lcft portion of tlic tile \vas shielded by an 
ovcrla])])iiig one. 

6.69 Wlicrcns the blast damage caused by any bomb, atomics or 
ot hciviw, is 11~ty,cly dctcrminccl by its cncrgy rclcasc, tlic sarm is 
not tiwc for destruction cluc to fire. Somc cvidcncc for this is the 
f’nc 1 that, at Hiroshima and Nagasaki similar blast cffects wcrc ex- 
p~ricnccd in each oasc at  cqunl distanccs from tho centcr of the cx- 
plosion. On tlic other hand, the total area severely damngcd by 
lirc at Hiroshima, about 4.4 sqiiarc miles, WRS about lour times as 
grcnt as in Nagasaki. Probably the main reason for this difference 
lay in thc natiire of the tcrrain, Hiroshima being relativcly Rat 
n.llilc Nagnsnki .was hilly. This rcflectcd the distribution of com- 
bustible buildings and tlic opportunity for thc sprcad of lirc (cf. 5 6.82). 

It is gcncidy true, for any incendiary weapon, l ha t  tlic 
iillimntc results :wc greatly dcpcndcnt on a variety ol conditions. 
Soinc of thcsr nrr related to thc characteristics of the particular 

6.70 
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locality as, lor cx~miplr, thr closriicss of buildings, and thcir nrrnngc- 
mcnt nncl cornbtistil)ility, wliilc o(he~'s dcpcnd on mctcorologicnl 
contlitioiis, snrh as nit- movcrncn Is, moistiii~c, clc. In coiisidcring the  
cfl'wts of tlir atomic bomb tlicsc fnctors rniist bc bornc in niind; it 
follon-s ttrcn flint f lie typcs o l  grnci~nlizntioiis mliich can bc mntlc. in 

conncction with blast dFccts (Cliaptcr V) arc not possible lor tlnningc. 
cnuscd by firc. 

ORIGIN AND SPREAD OF FIRES IN JAPAN 

6.71 In view of the very high instnntnncous surlncc tcmpcratiires 
protlucccl by tlic tliwmnl radiation from an atomic bomb, the question 
ntiscis as to wlictlicr tliis may liavc bccn one of the primary factors 
rcsponsiblc for t h o  fir0 accompanying tlic explosions in Japm. Rb- 
norinal, ctilrmcccl iiitmisitics of radiation, duc to rcflcction and 
focusiiig cflccts, iniglit liavc (Bausrd fires lo originate at ccrtaiii points 
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Pigrire G.71. Tlic top of a, wood polc, about 6,700 feet from ground zero, was 
(Note the unburllcd sur- rcl)ortccl as being ignitcd by the thermal radiation. 

roundings, the Ticarcst Iniriicd building beiiig 3G0 ieet away.) 
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(Fig. 6.7 1). Dclinitr cvitlcncc has bccn obtairicd from obscrvcrs that 
tlic radiation causctl th in ,  ( h i k  cbottoii cloth, suoli as the black-ou t 
cuvtains that wei'o uscd in clapan, thin p:ipcr : ~ n c l  dry-rottcd wood to 
catch fire atJ distarrccs up to 3,500 lcct from ground zcro. It was 
roportcd that a ceclai--ba~li roof, t i t  5,000 fcct from tlhc ccntcr of tho 
cxplosioii, was sccii lo burst into Aainc, apparently spontaneously, 
but this tins irot bccn cornplately coiifii~incd. 

TnLorcisting cvidcmcc o€ actual ignition ol wood by tho thermal 
radiat,ion, apart iroin t h ~  clini~ing nicntionctl earlier, was found about 
a milo horn grouncl zero nt Nagasaki. il light piecc of wood, similar 
to the Llat s i t l~  of ail oi.angc1 crntc, liar1 its lront surfaco charrcd, but, 
in additio ti, blncltcning WLS o bsmvctl thouglr cracks and nail holes, 
and nrouncl tlic cclgcs adjoining t h o  chnrrcd surface. Tho probable 
explanation is that tho  front surl'acc of thc wood had actually ignitod, 
due to t h o  hcat horn ilic thermal radiation, arid the llamcs Iiad spread 
throiigh tho  ci*ncks arountl the ctlgcs for scvcral sccorids bcforc t h y  
wcrc blown out  by tlrc wind of tlrc ljlnst. 

1t sccins likc.ly t l i n t  inu(81t of thc cliarring of thc wood ob- 
scrvcd st, Nagasaki and LIiimlii tna may liavc Ijccn accompaniccl by 
itamc which was cxtjnguislrt~l by the blnst,. A t  distances close cnough 
to tlic explosion to caus(~ nctud ignition ol wood, etc., the blast wind, 
coming witliiri a fow R C C ~ I I C I S ,  would generally be strong cnough to 
blow out tlic flarno. ILl'or lliis rmson it rvould appear that relatively 
fcw of t h e  niiincrous lircs, wliicli devclopcd almost, instantaneously 
after tho  atomic bornbings of Japan out to distances of 4,000 to 5,000 
f r e t  Irom ground zero, tlrat is, almost to the limit of scvcrc blast 
darnagc~, were diic 

1, most oi tlic h c s  originated from socondary 
causes, s1lc:ll as 11ps f charcoal or wood stoves, which WCIT com- 
mon in Japr~ncso 1io~ri(s, ciloc*t rical short circuik, broken gas lincs, and 
so on, whic~h were n tliwct efl'cct of tlic blast wave. In scveral cascs, 
fires in incliistrid plants w w e  startcd by tlic ovcrturnirig oC furnaccs 
aid hoilcm, and by the collnpsc of biijldirgs on thcm. 

Orico tire fircs bad stni*ictl, therc were scveid factors, for 
wliich the atomic hoinb was i~csponsiblr, that fncilitatcd thcir spread,17 
apart ftmn t l ic  iinportt~ut I':~cIors oC weather, terrain, and the closcncss 
and comLust ibility ol I~uildiiigs. I3y l~rcakiog glass windows, and 
blowing in or rlt~ini~ging fir0 shutters (Fig. 6.75), by stripping wall and 
rooF shcathi~ig, aiicl collapsing walls and roofs, tho blast made buildings 
of all typcis vuhicrablc i,o tlic sprcad ol fire. Similarly, many non- 

6.72 

6.73 

y to  thcrmal radiation from the bombs. 
6.74 It, is prohn 

6.75 
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combustil)le buildings were lcft in n cotit l ihii  €nvorahlc to tlic iiii crnnl 
spread of iircs hy tlnrnagc to doors at stairways, clcvators and in  firc- 
wall openings, and by tlic ruptim or col1:ipsc of floors a n d  ptirtitions. 
7'11~ sprcad of firc into fii*c-rcsistive st txct i i i w  \I as facilita 
ing brands from ncarby biddings cnt cring tliroiigh broken windows 
and 0th cr opcriirigs. 

6.76 Alt l iou~l i  rc I\WC firc~l)rc~alis, botli iint,ural, c. g., rivers and 
OlIC'J? S1)nC(Yi, tl,rld icinl, c. g., i*on(ls, in  lliroihimn ant1 Nngnsnlci, 
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6.77 Ji may lw noi(v1 i l i n t ,  on t l i c  wl iol~,  it is consitlrrcd that ldic 
clcstructioii of biiil(1iiigs I)y tticx 1)lasL \ \ ~ ~ v c  liintlcrctl rntticr thaii 
facilitntcrl tlic dcvc40pmcntJ of llic [ii-cs at, Iliroshiinn and Nngasnlti. 
Corn bustibl(\ frame t~uilclings \vlicu hlowii do\vrn dit1 Klot burn as rapidly 
as woiild liavt: been t hc cnsc liad tlie snmc hiiildings bccii lclt shnrling. 
Fu rtlicr, t lie iioiic*oiiibust,iblr. (I c hiis pi'odn ccd by tho  blnst f rcqucntly 
covcrcd and pi~cvcritcrl t 11(. burning of cwinl)ustiltlc mat 

6.78 On(. of thc iinportnot, a ~ p ( ~ c t s  of (he  atomic bomb attacks in 
Japan was in [lie I n i p  area which siiffcrc~l siinultnncwiis hlast 
dnmngc t he f i x  clcpart mcii Is w ~ r e  coinplckly ovcrwhclmcd (scc 
k'ig. 12.45). Jt is Lruc lhnt t h c  Grc-liglitiiig services and cqiiipmcnt 
wcrc poor by hmcricaii standards, but it is doubtful if much could havc 
b r c n  nchic.vcc1, iintlcr lhc  ci rcnmst ~LTICCS, by inore c\Ificiciit fire dcpart- 
ments, A t  Tliroslii~na, for ~xaiiiplc, 70 pc~i~ccnt of llic fir(>-figlititig 
equipment mas crushed iii thc collapse of fire liouscs, and 80 pcrcr.nt 
ol  thc pcisonncl 'M~CI'C unablc to respond. Eve11 i f  inen and rnnchiiics 
had smvivcd t h o  blast, many fires .\~oulcl I I ~ L V C  h i i  iiincccssil)lc be- 
cause of the streets bcing bloclrcd with clcltris. Ipor this reason, nncl 
also because of thc fear of bcing trapped, a fii-c coimpaiiy from an area 
which had cscapcd dcslrucfion was aiid)lc to a p p r r d i  c1osc.r than 
6,500 Iect to grounel xcro at NagrLsaki. It wvas ahnost inc.vitablc, 
thercfore, that  all I)uiltliiigs within illis r:~iige woultl bc  tlcstroycd. 

Ariollicr coi~tributoi*y fncbtoi. lo tlir tlcstriidioii by fire was 
the fnilurc of the wa,t ( l i s  supply in 1)oth I lit~osliiiiia :~nt l  Nagasaki. 
?'he pnmpiiig shtioiis WYC not largely all'c>ctc(l, but scrjous danmge 
was sustaincd by cJisti*ilmting pipcs aiid innilis, with a resulting leak- 
age arid drop in tlic available water prcssurc. Most of tEic lines above 
grouiicl were broke11 by collt~psiiig biiildiiigs arid by hcnt i r om tho 
fires wliich rncltccl the pipcs. AL Nngtisidci a large water rnaiii 3 feet 
bclow ground failed owing to uncvcn tlisplacciiicn~ of soil cniiscd by 
oblique blast prcss~irc, whilc nl Ilii.oshimn, a. siinilnr main was broltcn 
clue to tlic distortion ol' n briclgc iipon wliicli it, was supported (scc 
Pig. 5.68b). 

6.79 

PIRE S T O R h I  

6.80 A~XNIL 20 iniriutcs alter tlw tlctontLtion of the  atomic bomb 
at T3iroshima tlicrc tlcvolopctf t hc ~ ~ I C I I O I I I ~ ~ I I ~ I ~  k i~owi i  as $re storm. 
This corisistcd of n ivind which blew to~vai~l  the bitriling area of the 
city €ram all directions, rcachiiig a inasiiilurn velocity o€ 30 l o  40 
miles per hour about 2 to 3 hours after the explosion, clccrcasing to 
light or moderate and variable in direction about 6 hours later. The 
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wind was accompanied by in t  cwriittciit rain, light over thc cciitcr or 
thc city m c l  Iricaviclr about 3,500 to 5,000 fcct to  thc north and west. 
Bccaiiso of the strong inward draft at ground lcvcl, thc firc storrn‘was 
a dccisivc lactor in limiting the sprcacl of tlic fire beyorid thc initial 
ignilcd area. It accoiints for tlrc ftwt that tlic radius of the burnt- 
out area was so uniform in 1 liroshinla aiid mas iiol iniich greater than 
tlzr imgc  in which hc.s  s t m t c d  sooii nlt cia tlic cxplosioo. IIowcvcr, 
virtunlly cvcrytliing coinbustiblr mitliiii this rclgion was dcstroycd. 

I t  should bc n o t d  that the fire storm is by no means a spccial 
characteristic: of the atomic bomb. Similar fire storms bavc been 
reported as accompniiyiiig lai*gc coiiilagra~ ions in the  Unilcd Stales, 
and especially after incciidiary bornh 11 ttacks iiz both Germany and 
Japan during World War 11. l‘hc high winds arc ~iroducccl largcly 
by tlic upth-aft of the licntcd air over air (.xt cvsivc burning arcn. 
They arc tlius the cquivalcnt, 011 a very largc scale, of tdic c h f t  that 
suclrs air u p  a cliimncy iiiidcr which a fire is burning. 7‘lie rain nsso- 
c intd with tlic Lire stot*iri is app:ircwtly due. to tlic condciisal ion of 
moisture on t h  pnrticlcr of oi~rboii, ~k., lroni tlic fire wlicii tdicy rcacli 
a cooler nrca. 

‘h. iiicitlciicc of h c .  storins is drpciitleii t on tho condilions 
exisling : ~ t  t h r  tirno of t l i c  lire. Tl~iis, thcrc was no such d c h i t c  
storm o w r  Nr~gnsalii, altlmugh thc velocity of the sout,hwcst wind, 
blowing h t w c c n  the hills, iiicrcnscd to 35 rnilcs per hour when tho 
conflagration 11nd bccome well c~stablisliccl~ pcrhaps about 2 hours 
altw tlic cxplosioir. This wind tciidctl to  carry tlic Lire iip the valley 
in n dircctioii wlicrc thcrc was iiotliiiig to 1)iir-ti. Some 7 Eioiirs later, 
the wiiitl hncl sliiftccl lo  thc cast and its velocity had droppcd t o  10 
to 15 miles pcr hour. ‘I’hcsc winds uiicloubtcdly restricted thc spread 
of f i re  in the rcspoctivc directions from which tlicy wcrc blowing. 
‘l’hc small numbcr of dwrlliiigs exposed in thc long nnrrow vsllcy 
runiiiiig through Nngasaki probd)ly did iiot hiriiish suficicnt fuel for 
thc tlevclopniciit of :I f i i ~  storm :LS compared to thc rnnay buildings 
on the flat terrain at  Hirosliinia. 

6.81 

6.82 

FLAME BURNS 

6.83 In addition to thr so-cdlccl flash h m s ,  or thermal radiat>ion 
burns, dcscribcd abovc, many of the casrinltics from thc atomic bomb 
cxplosions mcrc due  to Ramc burns. In builclings collapsed by the 
blast many persons, who might othcrwisc have survived thcir in- 
juries, wci’c trapped nnd biirncd. The bums sufl’crcd wero or the  kind 
whicli might accompany any Lirc arid arc riot especially ctiarwtcristic 
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ol  an aloniic cxplosion. It may be mentioned that burns of both 
typcs, flash and flame, ~v‘crc~ bclicvcd to bc responsible lor mom than 
half of thc f n h l  casiinlties and pi.ohably at lcast three-quarters of all 
the casuallies a t  IIiroshima and Nagasaki. Thc magnitudc of the 
problem, thcidore, points to thc necessity for making ndcquate 
prcparnLions lor c1r:iling with largc numbers of burned pulicnts in the 
evcnt of an cmcrgcncy. 

‘l’lw siil)ic~ct ol burns, [IS an ns11cc-1 o l  the biological cffcots 
of an atoinjc (1spiosioii, will I)(> c~xnniinr~l  I K ~ O I ’ C  fiilly 111 Cliuptcir X1. 

6.84 
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energy libembed by tlrc bomb, hiit only a smdl proportion of this. 
perhaps 1 pcrccnt, siiccccds in Iwnctrating any grcnt tlistmcc from 
the bomb. A sornc\vlint siiiiilti 1. a~noiii i t~ is pi~scnt in the  gamma 

d by the. fission protliicts in t h t t  first minute after an 
atomic explosion. Ncvci%hclcss, i n  spitc of the cncrgy being con- 
sitlrrably srriallcr tha i i  t hriL appearing in thr form oi  tbcrmal radia- 
lion, the gaininn radiation c a n  cause a n  apprwinble proportion oi the 
atomic bomb casualties. On t Irc othcr liancl, iiuclcar mdiations do 
not cause an,y incc1ntliai.y (XITects. 

Sliicldiiig I rom tlicimal radiation, a t  clistnncce not too olosc 
to the cxplosion or tlic bomb, is :I i.clntivc1.y siinpLrr. mntjtcr, bu t  this 
is not t,rncl lor gammn rays 01' tic.utroiis. Yor cwunplc, at n clislancc 
of :3,OOO fcct from t h ~  t~xplosion of a rioriiinal ntomi(a  bomb, tlicx initinl 
niiclcar radinLioii would prolmbly p1.01 c f:it:il to  50 1) 
bcings, even il protcc d by 12 inchcs of coiirwtc. n 
lighter sh idd  woultl \)e ~ I c q i i a I  c :Igtiins t tlie th(~rina1 r n t l  i FLLtioii. How- 
cvcr, beyond nhou 1 7,000 Iccl, the iiuclcnr t-adi:Ltions would bc vir- 
tually liarrnlrss, without prot chctivc sliicltling, wh(~iww cxposurc? to the 
ther~mal radiation at this tlistanc+c could prodncc scrious skin bums 
in the saincf vircw tnstniiccls. 

I3tmtiisc gaintna rays mid ncutrons a rc  so dill'oreiit in their 
propcr.ti('s, it is tlcsii~~blo to consitlt~i- tlicin scparntcly. The subjcct 
of gamma rays will 1)c c~onsitl~i*cvl in t h c l  swtiou which follows, and 
ncntrons will 1)c tlisciisscd in tlic succ~di i ig  oilc. 

7.6 

7.6 

B. GAkIMA RAYS 

7.7 I n  addition to thc gnmrna 18:~;ys wliiclr nctually nccoinpnny the 
iission process, c.onttil)iilions to t l i ~  initial nuctcar i*adintion arc iiiade 
by otlicr sourccs of gniriinn rays. Of the  neutrons produced in fission, 
some scrvc to sustain tlirx fission-ctlitiin rwction ( 5  1.39) , but others 
may be c a p t u d  hy ~ioiilissionnblc iliitsl(4. As explained in 0 1.25, 
the resulting componntl iiriclriis will bc i n  an t~xc~itcd, i. e., high cncrgy, 
state and it will gcric~rally tmlintc most of this cxccss cnergy in the 
form of one or mow photons o l  gnirinia rndintioii. This is a reaction 
of tlic iadjaLivc cnpturc typr, often tqi.csriitcd by the symbol (n, y) , 
implying that n neutron is takcii u p  by n nuclcus and gamma rndia- 
tioii is rmittcd. Thus, rndiativc cnpturo of ncu~rons or, in othor 
wotds, ( n  , y) reactions will be 

l'hc noiitrons pt-otluccd in iissioii also act as n 1,hird source of 
second soiir(*c of gamma rays. 

7.8 
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thcsc radiations. Whcn a fast, i. e., highly encrgctic, neutron collides 
with an aiomic nticlcus, the former may transfer some of its energy 
to the latter, leaving i t  in an excited state. Thc cxcitcd nucleus may 
then return to  its normal, or ground, state by tlic emission of one or 
morc photons of gnmmn racliatioii. 

The gamma rndintions ptmlucctl in fission, and by radiative 
captiirc and ~ ~ u o l c a r  (witation all tippcnr within a few rnillioritlis of a 
second of the csplosion of tlrc afomic boml). For this reason, the  
radiation from tlic three sourccs described above is known as the 
prompt gamma radint ion. 

7.1 0 As altmtly incntioncd, innny of tlic fission ft8ngmcnts and 
their ~ C C I L ~  produ(8ts elnit gnmma rays in t l i ~  c o ~ i i w  of thciir dccay. 
T h e  half lives of tlicisc radioactive isot,opcs range froin a J’rstction of a 
second to many ycnrs. Ncvcrthclcss, since the d m k y  commences thc 
instant thcsc tinstable spccics arc formed and sincc, in fact, the rate 
of clccay is greatest a t  tlic beginning, tlicrc wiI1 be an apprcciablc 
lilwrntion of gamma radiation during the first minute after i,hc atomic 
explosion. Ln otlrcr W O I ~ S ,  the gamma rays emitted by the fission 
products innkc a significant contribution to the initial uuclcat. radia- 
tion. Ilowcvcr, since (lie emission proccss is a continuing onc, spread 
ovcr a period of time that is long romptit-ctl with that in w1ric.h tlic 
prompt rtdinlion is liberated, tlic rrsulting gaininti rays arc rc~lcrrcd 
to as the rlelaypd qnmnaa radiation. 

The total number of pi-o~npl gmtima-i*ay pliotous rclcascd in 
fission is about equal to the  nurnbcr of tl~layotl pliotoiis crnittccl by the 
radiorrct ivc dccay of thc lission fragments. Howcvei-, tho prompt and 
thc dclnycd gninrna rays arc by no inems of cqlial importance. The 
pro~ript gamma rays MY’, lor the most part, ciriiltcd bcforc tbc bomb 
has cotnplctcly blown aparl. Tlicy arc tlicrcforc strongly absorbed 
by the clrnsc bomb mntc~r~ials and very f ~ w  of t hem ~-0ac1i thc air 
outsidc the bomb. ‘rhc tlrlnycd gaiiiroa rays, on Ilic other hand, are 
mostly cinittcd at a latcr stage in the explosion, after tho bomb 
materials have volatilized and cxpandcd to form a tenuous gas. The 
delayed gamma rays thus siifTc~ littlc or no absorption bcforc reaching 
the air. Tlic n e t  result, is that thcsc gairimn mys contribntr aboiit a 
huiidi.cd tirncs as mudl as t b  the  pt*oinpt grmima rays to tlic total 
dossgc dclivcrcd at a clistaiicc l~*oiii tho at oriiic explosion. 

Thcrr is aiiothcr possible source of gnauiia rays which may be 
of some iinpor*tancc in the casc 01 an cxplosion 11cw t h c  ground. Yomc 
oI t hc  neuti-oris ciiiittctl by llic cxplosioii will strikc thc ground and 
will int,cirnc*t with atomic niiclci of tlic soil; the rcsulting (n, y )  rcnctions 
and thc excitation by fast neutrons will producc gainma rays. The 

7.9 

7.1 I 

7.12 
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magnitude of this effect will depend on the height of burst and on l,hc 
cliciiiical composition of the soil. It would probably be sniall for a 
bomb burst at an altituclc above ahout 2,000 fcet, and would not  bc of 
major iniporlnncr a t  lower altitudes because of the relatively sniall 
llulrlbcr of llcull~ons. 

INTEILZCTION OF GAMMA RAYS w r m  MATTER 

7.1 3 Tlici-r arc tlii*cc important ways in which garnrna rays intcract 
with the mattcr through which they pass. When a gamma-ray 
pho Lou rnalics an Clttstic collision , somctiincs called a “billiard ball” 
collision, with an clcctron present in an atom, the photon transfers 
soinc of its energy Lo the clcctron. At  thc same time, the photon is 
deflected from its original path. This interaction, resulting in a 
scattcring of t h o  gamma rays, is known as the ComptorL <feet.  In 
passing through a nonabso~.bjng iricdiuin, a beam of gamma rays will 
lose energy, thatJ is to sayJ i t  will tlrc~rcnsc in intcnsity, as a result of 
Comptoii scat t ering, but  tlic riunibcr o i  pliotons will rcmain un- 
changed. 

7.14 The Lola1 Comptoii scntlcring per atom of the ma tc rd  with 
which the radiation iiitcracts is propoitioiial lo thc number of electrons 
in the atom, and liciicc to thc atomic iiuinbcr (01.9). It is corisc- 
quciitly grcatm For ai1 atom of a “hcavy” clcincnt, i. e., onc of high 
atomic weight, than for an atom of iz “light” clcmcnt of low atomic 
weight. Thc Coinpton scat,tci-iiig ~ ( ~ C ~ L S C S ,  Iio\\~evcr, with increasing 
energy of the gainma racliation. 

The second proccss wlicrrby gniimia rays can intcmct with 
mattcr is the photoelectric <fj”ect. A gamma plioton, with clncrgy 
sornc.lvfiat grcntcr tlmn the biiitlirig cncrgy of an clcctron in an atom, 
transfers all its cncigy to the clcctroii which is coiiscquently cjcctcd 
from its atom. Sonic of tlic riicrgy of the photon is used to detach 
the clcctron and the rci~iaiudcr appears as kinetic energy of the latter. 
Siricc thc plioton involved in thc pliotoclct ic cfl’ect losos all its energy, 
it crasos to (>xist. Thus, wliilc in thr Cornptoii cfl’cct the gamma-ray 
pliotoii iwnains aftw ttir intrr*ncLtion w i t h  t ~ i i  electron, although with 
tliniinishcd ciicrgy, thc 13110 toclcctric cD‘cct rcsults in the destruction 
of thc photon. 7 ‘ 1 ~  inagriitutlc 01 the photorlcctric cfl’cct is propor- 
lional to the fifth  pow^ of thc atoinic iiuinber of thr material through 
which thc ganiina rays pass, but i t  dccrcascs rapidly with increasing 

Caninin rndialioii can interact with inslttcr in a third mariner, 
Wlicii a guniina-ray plioLon with 

7.1 5 

energy of the pllolon. 

namely, that of pai74 production. 
7.1 6 
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from thc. brc&ing of chcinicd I)oiids, mhicli nlt crs thc  chnractcristics 
of vitd 1 ~ 1 - t  s of c~ l l s  aiid ( * a i i s ~ s  physiological c1uinng.c~ (Chuptcr Xl). 
Tnc~itlcwtnlly, t l i c  ioriizntion t l u ~  to t h t  drctrons cjcctcd 01' produccd 
by gamrna rays c~an bc uscd for thcir dclcctioii (Clmptcr Ix). 

0 1 2 3 4 5 6 7 8 9  
GAMMA RAY E N E R G Y  I M e V )  

Pignre 7.17a. Absorptioii coc,fricicnt of a i r  a\  function of gaiilma-ray encrgy. 

CROSS S E C T I O N S  AND ARSO~IPTION C O X F F I C I E N T  

7.19 It is thc gcncrnl practice in conurrtion with nuclear and 
rclatcd procc~sscs to describe thc probability of tli(1 occurrence of a 
particular roactioii in terms ol nn nrcn, called the cross swtion for t>hc 
reaction. l ' h c  phot oclcctric cfl'oct, m d  p i i ,  production rcprcs(at, 
cwmtinlly, intrrrect ion brtwcwi a gninmn-ray photon and an atom or 
an atomic nuclcus. Coiisquciitly, t 1 1 ~  vnlucs of the reaction cross 
sct:t,ioiis ni*c givcw as tliosc per atom of tlic niatcrial with which the 
radiation inlcracts. Tho Comp toil efl'cct on the other hand, involves 
a photon niid nn i~~clividual c4cctroii, so that tlicrc is n definite scattcr- 
iiig cross sc4on  per cIct:tro11. Ilo'ivevrr, if the rcsult is multiplied 
by the numbcr of clcct rons in thc particular atom, i. e., by its atomic 
numbcr, nil cffcctivc atomic cross scctioii is obtaincd, 
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I 

GAMMA RAY ENERGY (MeV) 

Figiirc '7.171). Al)sorptio~r codt ic iot i t  of lcnd ns  f~urction of gnniinn-my energy. 

Tho values of i l l ( '  cross sccttions for tlic t>lrwr proc(~sscs under 
cotlsidcrntion can be calculnt cd by incans of quantum mcchnnics,' but 
for practical purposw it is Inom iiseiiil to cqmxs them in a somewhat 
diflcront form. Coiisitlcr n narrow bcnm oI monoencrgetic gamma 
photons, i. c. ,  of gamma rays 01 uniform wave length, incidcnt on a 
slab o l  matter., in whic*li thcrc arc N atoms per cc. If a?, u,, and a,, 
rcprcscnt thc cross sccbi,ioii pel. atom of the Compton, photoelectric 
and pair-production rcnctioiis, rcspcctivcly, then in passing through a 
thiclciicss rlx cui. of this shb ,  t h o  totul probability of n photon inter- 
acting with an ntoin of inattcr is cqual to (ac-)-apa+aBp) N dx. Let n 
bc the gamma-ray photon flux, tlint is, the  number of photons in t h o  
bcnin which cross I square centimetar in 1 sccond; the total number 
of interactions pcr second bctmcen the pholoris and atoms in travcrs- 
ing n distance dz ovcr nn area of 1 square cantimator, is then 

7.20 

n(u,+a,e+aI,n) N ax. 
4 Sec W. IIeiLlcy, "'L~lre Qoai~tuin 'I'hcory of I~adiatioir," Srcond edition, Oxford IJnivcrsily Press, 1044. 
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7.21 As tho pholoclrctric rffcct rLnd pair production involvc de- 
struction of photons, thc l a t t ~ r  arc  oomplclely removed from the 
gamma-my bcnm. It will be tissiiind, for tho prcsont, that tho 
photons unrlcrgoing Comptori scattcring arc also lost, a situation 
which, it will lw sccn latcr, applies in cmlain circumstances only. 
How~evcr, if this assumption is made, the quantity n(a,+ allc+a,,)Ndz 
obttiincd abovc may bc i~c~gaidrd as the dccrcnso (-dn) per second 
in tlic iiiirn1)rr of photons i l l  1 1 i ~  gamma-ray bcam in its passage 
through :L tlistmicc dz ovcr 1 squti1.c criit,imeter of matter; thaL is to 

-dn  =n(fJ-l- rr,e-l-u/,2JN rzx (7.21 .I ) 
[LY, 

0 II 

dn - -(uc-J-upc+cT7,/JN dz. (7.2 1.2) 
71. 

IJpon iiit cgration this giws 

(7.21.3) 

as the relationship bctwccii Llic incitlriit flux no in the gamma-ray 
bcim niicl thc flux .(x) after jt has pciictrstcd a dcpth z into matter. 
I he quantily ( u ~ - ~ - u ~ , ~ + u ~ ~ ~ ) ) N  in the oxpoiicnt of equation (7.21.3) 
is gcnorully rcprcscntcrl by I b o  symbol p, callcd thc absorption cot$- 
c i e n t  of the inatcrinl for thc particular hornogcneous gamma rays 
iindcr consichation. ‘l’lic photon flus may be vcplaccd by thc intcn- 
sily 1, to w1iic.h it is proporlioii:il’, m t l  equation (7.21 3) tlicn t n h s  
t1ir fmniliar forin of tlic rupoiicwtial attenuation law, namely, 

- ( ~ . C + ~ P E + ~ Y , J  ivx 72 ( ,r)  = ‘/?ne 

I \  

I= Joe-fiz, (7.2 1.4) 

whc~rc I ,  is the  inkiisily of the. hcciin of gLLmrna rays falling on the 
inrtliiirn of thiclciwss 28, and I is the intciisiLy of the cmcrgent beam. 

Sincc the distance E is usually givcii in cm., t h o  absorplion 
cocflicicnt is csptwsctl in em.-’ units. ‘J’hc values us calculated for 
a numbcr oI coininon inntriinls, naincly, air, mater, alumiiium, iron, 
mtl lctid, for gaiiiina rays of scivcral ciic ics arc recorded in Table 
7.22. ‘rhc figiircs l o r  nit. rcfcr to  1 atm. essiirc and O o  C. 

‘ 1 ’ 1 ~  data in ‘I’ablc 7.22 give the total absorption cocficients, 
for Comptori scattering, photoclcctisic cfl’cct, and pair production. It 
is, of coiirsc, possible to divide this value into three separate parts, 

7.22 

7.23 

‘l’lic m t c i i ~ ~ l y  of an clcctrornagnetic iadiiitioii, such as gamma rays, IS strictly tho amount of cncrgy that 
ioss ~1111 .iic& (1 sq. en1 ) or J gl:uic pei Imidiculai to the piopagiitioii of tlic lays. Since 

c.wh photon L,II I ics ,i t l r f l n i t r s  .iriioiin~ of ciicixy, the iiitriisity oi eticigy flux for homogeneous radiation, 
wlrirli IS i~ rucCiso~,~blc quut i ty ,  15 piogoi tional to Ihc photon flux. 
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TRANSMISSION 'I'IJRO~JGH THICK ~ ~ E D I A  

7.30 It is iruc llrnt llic calculalions h s c d  on good gcomctry arc 
fi~ntlnniciit a1 to the  1)rol)lrni of p o t  ectioii froin gamma radiation. 
Nevcrtltclcss, i t  niiist bo iwLlizcd t l in 1 t i11  indivitlunl exposed to mdia- 
tion froin :in atomic (~~p los ion  will ac3tiially r ivc n lnrgc proportion 
o l  the scni tcred gntnniiL photons, as well as th mlii ch 11 a v ~  survived, 
unchangctl, pnssngc tlilougti tlic ntmosptrcrc or through n shield. Thc 
contlitions to be takcit into account, in n coiisitlcwLtiori ol protection 
or sliiclding Croni gnmmn rnys arc those 01 bncl (or poor) geometry. Not 
only c1ot.s this coinplic~atc~ tho sititation, biit t l i ~ r c  is n Curtlrt~r difficulty. 
If thc tliicliiicss oi" t1ic rrintc~rinl Ilirorigh n.1iiclt gaininn rays pnss is of 
tlic ordcr of tlic mca11 f i w  p L t 1 i  of t l i c  pIioto~is ,~ tlie latter will, on tho  
avclngc, iiinlw mor(' tho 11 one (lornpt on cwllisioii \vi tli clcctmns. In 
otlier words, iniiltiplc sc:Lti wing will occiii*, so~iic cncrgy Lcirig losL 
at cacli collisioii. 

It shoiiltl bc ikotcd that the problcrns of poor geometry and 
oi" inultiplc scat tcririg arc aspects ol  the  Comptoii dTcct, whilc t>hc 

tint1 pair protliiction arc intlucncccl only indircctly. 
The cornp1ic:~ting L'actors arc 111 11s of grcnt est sign ificaucc. iii conii cction 
with tdic traimnissioti o l  g~Jiil~l:i rays of modct.nt(\ eiicqics tl-irougli 
materials coiitniiiiiig clcinents of low atomic woight, 11. g . ,  air, watcr, 
alumirium, and c o ~ i c r ~ t ( ~ ,  wlierc t Iic1 (2oiiipton cfl'cct is vcry important. 
For c~lemcnts of high iLtoinio mcight, tlic influ(mcc or inultiplc scattrr- 
iiig is riot so grcnt , but it ,  cnnnot, lw igiiorcd in considc~rntioris of shield- 
ing from the gainrna rays cmitlcd iit nn aLoinic cxplosion. 

In t h c  study 01 the r~ttcriitatioii of :L moiiocneJgctic bcam oI 
homogeneous gniriinr~ rntlint ion iricidc~it upon n incdinm of givm thick- 
ness, wliiclt is fnnd nincii t t ~ l  to tlic pJ*oblctn of sliicltling, it is corivcnicnt 
to consjtlcr two rniig:rs or tdiichicss. l f  t h  lnttcr is small compared 
with tlic mean frcc pat11 oI t l i c  photons, the transiriittcd intcnsity is 
given, with suflic*icnt nrciirnry, ns the siilii ol  Llic unscattcred (good 
gcorncti*y) iutctisity aiid the ititc~isity diic to singlc scnttcriiig. For 
practical puiposc's coniicc.tct3 witli sliiclclirig from tlic gamma rays in 
the initial rnditition [rorn tin ntoinic bomb, thesc coiiclitioiis arc not 
very important. 

Much rnorc significant is tlic case in which the thiclmcss of 
tho mctliuin is of thc sai~ic order ns, or g i - c ~ i t ~ ~ .  than, thc mean frcc 
path of thc pholons. l t  is t l i ~ n  necessary to  trike multiplc scattcring 
into accoiint. Uric \my in mliic*li this cnii bc cloiic is the following: 
Por ~loinoiits of low t~toinic nrciglrt aiitl gamriin rays of modcratc 

7.31 

7.32 

7.33  

As scoii in G.12, footnoto, this is cqn:il 1.0 tlic rcciprocd of tlio nbsorption roclkciciit. 
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ci~crg'y, tlic phot oclcctric (.fled and pair production arc negligible, 
and tlicri it is possible to \vi.ito 

I= 1" I{ ( E " ,  pJ) c-@, (7.33.1) 

whcrc p, is tlrr part in1 absorpt ioii cocllicicnt t l i~ci to Cornpton scat Lev- 
ing. Tlic fncttor. / < ( E ~ ,  pLc.r.), ~ h i r l r  is n fu i ic~t ion  of t h  cticrgy E [ )  of thc 
gamma-ray p l~oton  airtl o l  til(> pr.otlucbl pc.c, lriltcs itzt,o account tlic cfrcct 
of multiple scnttrr*iiig, 11, slroiiltl hc 'iiotcd Llint since Ihc mcan frec 
path of tbc phot,oti is 1 /p, tli(1 quantity pcx rq~rcscnts  tlic number of 
mcaii lrcc paths coiitnirictl in tlrc distance z travcrscd by the gamma 
rays. 

Tltc drpcnclrlic~c of I l ( ~ o , p L c ~ : )  oil pcz for an incident gamma, 
cncrgy of 1.25 Arcv is slio\rii i t1 Vtg. 7 3  loin air at staiidard tcmpcra- 

7.34 

t,ure ant1 prcssiu~~ (S. 'l'. l'.), i. e., 0" C. ant3 1 rttm. prcssurc. For 
liiglrer cnwgic~s tlic> I1 vduc~s n i ~  somcwlrat lai-gcr than shown in this 
figure. Iti thr  cnsc of cll(mcwis ol' Ion ntornic n.ciiglitl, sltc.11 BS arc 
being considcrccl lici-e, tlic hinct ioii 11 apprars to b r  almost indcpcnclcnt 
of tlic nutiirc of I l i c  olcmcrit. In vicw oi  this f:~cI arid using thr rc- 
sult,s in Pig. 7.34, it i s  lou i i t l  thn,t a sliiclcl oJ concrctc of 38 ccntimctcrs 
thiclinrss would be i ~ c q u i i ~ ~ l  to i*ccIu(sc tho iritciisity of gamma r.a)rs of 
4.5 hlcv to oiic-triitli of tlicit, initial v:iluc. Tliis may bc comparcd 

IUS c:il(~rilitt c d  I'tvnr t i i c i  ordinary csponrntial absorption 
cciuation (7.21.4), t l i :ht  is, iisitig good gcwrnctry, so that mulliplo scut- 
tcring is igiiorctl. I t  is cvidciit that much of the scattered radiation, 

85:1655 "-5O-Lti 
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7.38 Tn tho foiqying disciissioii, no at-count 1ins been takcn of the 
source o i  tlic gt~iiinin mys 01- of i t s  tlistnnc~c away. All that has h c ~ i  
consitlcrcd is tlic r(~1atioiisl~ip bctv cc1n Llic intensity of tho radi n t' 1on 
falling on n tliiclincss of matcrid, wliicli ncts as a sliicld by attenuating 
tlic rnclintioii, t x n d  tlic iimount wliicli pciittratcs tlic sliicld. T h e  
connwtion h t v  ccii tlir inc~itlciit iritcnrity I ,  arid tlic properties of t h o  
s o ~ i r ( ~ ,  c.,g., ail atomic cxplosion, rcqtiirc two fnctors to he takcn into 
at*coiint ; first, t h c i  invt.rsc squaw law lor th(1 dt~cr t~asc of intensity with 
distniicc, as used in CEinpkr VI,  apnrtJ horn nbsoiption, and sccontl, 
tlir attt~iiiintion clue lo sc ing and absorption in t lic atmosphcro. 
The lnt  trr aspect of tlic pi~oblcm is, liowcvcr, not  c~ssc~~tially diifcrc.nt 
from that considcti*ctl in cor in t~ t~ t  ion wit11 sliic~ltliiig, with tlic tliickricss 
of thc matcrial g tmtlt~r 

7.39 1I a point so111 crnits no photoiis per. scc., 
each crirrying n q u m t  11 ic  intensity of rndintion, i. c., 

tiation clue to scat Allowance for the lut tcr 
may now bc maclc by using cqiiation (7.33.1), so that tlic intcnsiiy of 
tlic incident mdiation falliiig 011 a sliiclcl at n distancc D from rhc 

path of thc photon. 

tl1c c'llcl'gy IllIX, ai tlist:uicc 11 will t h  v0cO/4~D2,  apart from ntton- 
riiig m t L  a t)solpt ion. 

9 Tlia v.iliicc Cot thcv  two crirlEirs ai> of s p r c ~ d  ~nt r i r s t  bw iiisr thc cncigy of sornc oC tlic 111iti.~1 gnrmna 
~ n d ~ a t i o i i  15 4 5 Mcv,  whilc tlrc icaidu~l i c ~ c i ~ c r t ~ ~ ~ i i ,  to IIC to~isidc~cd 111 tlic nc.tt chai)tci, hiis '1 i n w n  circtgy 
of o 7 brov. 
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soiii*ce, c. g., an  atomic explosion, may l)c writtcn as 

(7.39.1) 

As befoi-r, t l i c k  npproximation has bcen niatlc of ncglccting the con- 
tributions of tlic pltotoelcct ric cffcct aiid of pair production in a 
mcrliuni, such as a i r ,  consisting o i  clcmcrits of low ntomic weight. 

Since pC and B(e,,  pJ1) arc Itno,~11 for air, it is possiblc to 
cnlrulntr lo/no, that is, tlic P I W I ~ ~  rcwivcd per plioton emittcd, at  
varions distnrices f i v m  an atomics csplosion, €or gamma rays of 
spccifictl cncrgy 6". Flowovcr, s i i i c ~  t 1 i ~  nitinbcrs of photons of various 
cncrgics ciiiiLtctl a ~ c  not lmon711, lhc ttsults arc of little practical value, 
although tlicy rniglit liavc soinc intrrmt when furthcr informnthn 
bcc.oinrs nvajlah~e. k'ol. t he  prcwnl, tlic brst proccdtirc to atlopt is 
to  inalcc iisc of' :ictual mcasurri11cnis o l  radiation intensity, or of an 
equivalcnt qiin~itity, as will bc dcwxibcd bclow. 

7.40 

7.41 It was stntctl in 7.18 tlint the pliysiological damage caused 
by ganinin ratlitit ion is duc to t h r  ionization brouglit about by the 

or protliicrd by (lie rays in 
tlicir pass:igc throiigli rnat t r y .  For this rcason, radiahion dosage is 
incasurod in tci*ins of a unit called tlic roentgen, symbol r, defined as 
tlic amount of g t m m m  (or x) rndiution which produces in 0.001293 
grain of dry air, i. e., 1 cubic c c n t i r n  I' at 0°C. and 1 atm. pressure, 
clecti*ictilly ch:wgcd p r 1  iclcs carryin total of 1 electrostatic unit of 
c1inrg.c. of citlicr sign." 'I'lic convcrsion of gamma-ray cnrrgy values 
into rocntgcns is carricrl ou t  somcwliat hi  tlic following ninnncr. The 
energy absorbccl per cubic twitinicIcr of air at 0" C. and 1 atm. pressure 
due to tlic passage! of gnrnmtL rrdiation is equal to  the product of the 
cross soction of the cnci-gy absoiytiori pcr rlcctron for the particular 
ratlintion, as  clcrivcd from the Klcin-Nishima formula," the number 
of c4ectrons per cubic centinit r of air at  S. T. E'., and thr  cncrgy of 
t l i r  gamma radiation prr sqriarc ccntirnetcr. On thc average, thc  
production of 1 ion-pair ($9.2) 111 nil. requircs 33.2 electron-volts so 
that the ahsorption of I h l ( ~  of giwun:i-my cnctgy produces 2.08X10' 
ion-pirs, wliicli is cquivalcnt, to 2.08 X 10' rocntgcris, if it is absorbed 
in 1 cubic ccnt,iinctci* of air. If 11ir total cncrgy absorption per cubic 

miis wliicli arc' cjcc 

10 Tho iiicasureincnl of mtlinlion in Icrms of romitgens is dcscrihcd in Chapter IX; see idso Appendix 0. 
11 W. Ileillcr, op. a t . ,  lip. 149-157. 
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ccntirnctm of air has hccn dctcnninccl, by the method just dcscribcd, 
the riurnbcr of t-otntgcw prodiiccd cnn ttc c:ilriiltLtccl. 

7.42 The r c w i l t s  obtninrtl in tliis inaiiiicr when combincd with 
cquntion (7.3:). I )  ~niglit bc iisccl to  dctrrrniiie tlic dosr~gc in rocntgcns 
at a spcrifircl tlistatw froin n n  titomi(* h i r i b ,  provitlrti tlic cncrgy 

' 0 I500 3000 4500 6000 7500 9000 
DISTANCE FROM EXPLOSION (fl) 

Pigiirc 7.42. Total dosiigc of i i i i t  tal gmnlria I t i ~ l i : i l i ~ i i  :L% friiictioii of distancc from 
Cxp1o~1011. 

dist,ributioii were known in trims of tlic respective numbers of photons 
emitted. As intlicntcd nbovc, this is riot yct possible and so rccourse 
must bc lmd to calcii lntioi~ bnscd 011 cqwrirncntal rcsults obtained at 
tlic tirrici of an atomic. cxplosioii. 'I'tic dosngc, in romtgciis, due to  the 
initial gnrniiia rays, tit v:wioiis (1ist:~iir~s fiwn about 2,100 to  9,000 
fcct from thc explosion of tlic iioiiiinnl atomic bomb arc given in 
Pig. 7.42.12 Uistawcs oiitsitlc this i-i~iigc :ire of no intrrcst, since at 
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less than 2,100 fcct physical niid t l i r i m a l  desti*iiction arc so scrious 
in unprot cctctl rrgioiis tliai ~~ndiologicnl injury docs not nccd con- 
sideration. , the dosage is, in 

too small to 1)r ol' scrious (misrqiicncr, iiiilcss i t  is rcpcatcd 

pt cd tha t  a dose of 400 r of radiation rcccivcd 
OV'CI' th r  wliolr Imly in tht r o i i i w  of n l"cw minutcs rcprrscnts thc 
incdian lctlial dose wliicli woiiltl bc fntnl to  about 50 pcrccint of human 
lwings (scc Cliaptci- XI). I'rorn Pig. 7.42 it can bc seen that thc 
inrdinn lctlinl iwngc of thr gamma radiation from tlic nomirial atomic 
bomb is aboiit 4,200 fcct. Tliiis ti largc proportion of human bcings 
exposed to t l i r  initial gnlnrnn rays milliin 4,200 fcct of an atomic 
c y h s i o i i  woiiltl tlic I ' I Y H ~  rndin tion siclo~css. I f  part of thc body wcrc 
protrctctl by :L siiitnblc shirltl, i t  is prOhnhlCi that a largw dose than 
400 17 .woitltl not pmvc f r t t ~ l .  1 Iowvcvrr, i t  iniist be r cd imd ,  in vicm 
of tlic g i ~ ~ n t  pcncttxting powcr of the gntnina rays, that ordinary 
clotliing (.a ti in 110 sriisc br rcgtirtlrd :is protcctivc. 

rI'Iie iicxt innttcr for cwisitlrrntiori is tlic shiclding that woiiltl 
br iiccrss:wy to r e c l i ~ c ~ ~  the  g:Lmmn-r:Ly intensity or dosngc, which 
rnny 1x1 tnlwii HS lwirig roiiglily proIiortiond to one aiioth~r,  to amounts 
Bclow tlw Ictl-rnl vnliir nt vai-ioiis tlistanccs. In  order to make rrason- 
ably a t ~ ~ i t * : ~ t c  cnlriil:~tions, t he  gamma-ray s ruin, that is, thr 
distribat ion of riicv*gics, from an atomic cxplo should h c kilo wn. 
Tlowwrr, this d(ltnil(>tl itifoimntion is not nvailablc, hut an approxi- 
i n n t  c cst irtini(. iiitlicaatrs t l i n t  t he  averngr ciicrgy, at distancrs grcatcr 

vnliirs for soi11r c*ompoiictits  LIT 11s high as 4.5 Mcv. In this event, 
tho ~ L I L  i n  ' hb l r  7.37 may bc used as a roiigli guide to  calculate the 
thir1~1ic~s of sliic>ltL that woiiltl hc required to prodiicc a particular 
d r g r ~  of nttcniintion. 

At  t l i ~  ininiiniiin tlistanrc oE 2, 100 feet from tlic explosion, for 
wliic~lr Ii'ig. 7.42 provides iiifot~matiori, thc dosngc in an uiiprotcctcd 
loratioii moiiltl bc 10,000 r. T o  rcdiicc tliis to bclow thc median lethal 
closc~ ol' 400 r ~voiiltl rrquit-r smi(~t1iirig likc 20 inches of concrctc or 
about 3 incQlics of lcntl. 'I'hc ai,tcniiation of gamma rays by tiglitly- 
paclieti soil is about, 0.6 tiincs that for co11c1~ctr,~~ so tha l  a layer of 
soincwhat over 30 inclics of soil would bc equally cffcctivc. Undcr- 
ground slicltrrs could tliiis provide adrquatc protection against the 
rndiation liuznrtl. hit ootsitlc s1icltc.r oi tlic type used in World War 
11 as a protcctiori ngaiiist blast bombs, covercd with about 20 inches 

At, distnwcs grrntcr. t han  9,000 I' 

7.44 

tl1nn allout 3,000 f c  Irom tlic rxplosioii, is about 3 Mcv, although tho 

7.45 

- 
1 3  '1'110 \,iluo vniies \onicwli,rt nit11 tlic t r ,~tuic  and contlitioii of tlrc soil, but the factoi 0.13 IS piobably a 

safa average. 
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20 
DISTANCE FROM EXPLOSION Il l . )  

Figure 7.451,. Thickiic~sst!s of iroii iw(riirc~1 ns fuiicl i o i i  of distmicc frorri explosion 
to r(!tlucc i i i i t i a l  ga~iiiiiti  r:itlint ion to vsrious arnoiuik. 

l~csu l t s  bnsccl on nctiinl obscrvntions arc tlcpictcrl in Fig. 7.46. The 
wcortlcd vnluw drpc~tid to sonic cxtcnt on t l i c  (listarm from tlic ntoinic 
explosion, ant1 data in this ligiirr npply to thc d i s tnwc  nt which thc 
mcnii Ic%hal dost. or 400 1’ mould be i*cccivcd, j .  c., 4,200 fcct. It is 
sc(m that at this rlistmicc~ almut n half oi‘ tlrc gninmu-ray dosagc is 
rcc(kiv(>(I (luring tlic first sc(~otid,  ‘I’nking slic~ltcr qiiickly bchind a 
convonicnt builtliiig or in a slit ti~mcl1, an ac t  which is conccivnblc 

Figurc 7.40. l’ropo~lioii of 1d~:il tlosagc of inilia1 gamma radiation reccivcd as 
fuiict,ioii of tiiiic aflcr c:xplosion. 
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within a sccond of swing tlir h n b  flash, might thus mcan thc diffcr- 
encr bc~twccii life and (Icath to a liiiinnn being at a point where thc 
uiiprotcctcd dosngc would bc near thc mcdian lcthal valuc. 

Tlic discwssion thus fa r  has beon concerned with the nominal, 
20 kiloton T N T  cm'rgy cquivnlrnt, atomic bomb. In concluding this 
section on the initial gamma r.ndiat,ion, refercncc will bo madc to the 
scaling laws applicable to bombs of various cnergy rclcases. It is 
pro1)ably suliicicntly accura tc  tlo assume that the total gamma-ray 
cinission is proportional to tlic numbcr of fissions, and hencc to the 
oneigy rclcasc. 'I'li(~ dosngc in rociitgcris reccivcd at any given dis- 
tancc f rom the explosion is also approximately proportional to this 
quaiitity, arid licnor to the T N T  ccluivnlcnt8. Consequently, for an 
atomic bomb of W kilolons T N T  cnrrgy cquivalcnt, tho ordinates in 
Pig. 7.42 would dl be inilltiplid by W/20. 

If the cncrgy rclcz~so of tho bomb were doubled, for example, 
from 20 to 40 Idolon TK1' cquivalcnl, thc median lethal rango, at  
which t h c  closqy is 400 r, -~vonld be incrcasetl from 4,200 fcct to 4,750 
fcct. This means that the lctlinl area of thc initial gamma radiations 
wor1ld be muc*li lcss than tloublcd. Conscqucntly, the thickness of 
sliic~lding iicccssary lo nttcntiatc thc: radiation to  less than the lethal 
valiic at, aiiy point wouk~ not liavc to be incrcnsod grcatly. For a 40 
lcilotoii aquivalcnt bomb thc dosngc a t  2,100 fret would he 20,000 r, 
niid about 26 inclics of concrete would rctlucc it to  400 r, thc mcdian 
lcthal dosc. T11is may be compnrcd with about 20 inches required a t  
tlic snmc dist,ancc for tlie nomirial 20 kiloton TNT onergy equivalent 
bomb. 

7.47 

7.48 

C. NEUTRONS 

7.49 The neutrons emittcd in the  fission process carry about 3 pcr- 
w n t  of tlic cnc~gy of the atomic explosion. Of this amount, perhaps 
lcss than 1 percent appears outside 1)cctLusc of tlie loss of cnergy to the 
componcnts of the cxplodiiig bomb. Conscqucntly, tho cscaping 
ticwtrons bear about 0.03 ~ i r r c r ~ i t  of tha cncigy of the bomb, which is 
of t lrc sainc oidcr as that of thc prompt gninina rays ( 5  7.4). Like the 
gamma rays, nrutrons can pcnclrntc consiclcrablc distances through 
air, niid since they are a physiological hazard, t h y  are a significant 
aspect of an atomic explosion. 

Adore tlinii 99 pcrccnt of the total numbcr of neutrons ac- 
companying i,hc fission or iirniiium 235 or pluloniurn 239 arc rclcascd 
almost inimcdintcly , probably within I O P  sccond of thc cxplosion. 

7.50 
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7.57 ‘I’hc clcmcnt sulfur hccomcs 1-ndionctivr whcn bom1)artlccl hy 
fast nrntrons of energy rxrcctling :3 hlcv, aiid the intluccd activity is 
csscn t i d y  indrpradcrit of 111r ncutron cricrgy, provided i t  is lar-gor 
than tliis vnhic. Tlius, sulfur can be usrd to study ncutrotis of encrgy 
rixcccding 3 h’lcv. Arsrnic, on tlic otlrrr hand, is adivatcd by slow 
neutrons, i. c., nrutrons of low cnci-gy of tho order of 1 rlcctron-volt 
or lws, as rnc.11 as by fast nrutrons. Ilowcvcr, tdic activity intluc*ctI by 
tlir slow ncuttons can be rccogriizcd, so tlint> aiwnic, can tw iiscd as a 
dctcctor lor slow n c u h m s .  

Although tlic rndial tlistributiori of neutrons is a complex 
function of the tlistancc frotn the soiircc, i. c., t he  cxplotling bomb, 
at i  approximatc cixprcssion may br iiscd for npprccir~ble clistanccs, 
c .  g., a t  the surface of thr cartli. Lrt n be tlic number of ncutrons in 
IL pnrticiilni~ rnrrgy region, i. c., high or low, impinging on 1 square 
ccntimrtm. of tlic sulfur. 01’ arsenic. tlrt or, rcspwtivcly, a t  a distmicc 
D froin tlic bornb, this number bring cstiinntcd from tho induced 
activity. An  apparent neutron source skwigtJli N ,  giving the apparent 
total nutiihcr of ricutrons of the  given energy type cmittcd by the 
sourcc, ctrn the11 h r  dcfinrtl by 

7.58 

Neutrons per sqiiarc centimctcr (n) = , (7.58.1)’‘’ 

whcrc is tlir nppni*cnt mean frcr pntli of thr sprciiicd nciiti-om, i. c., 
1 hr avcrngr (1isI:~ncc t hrsc pnrticular ncutrons trnvcl hctwcm siicccs- 
sivc collisions with nuclei iri tlic air ~111~ough which thcy pass. The 
qunntit irs 11 t m l  x in the cxpon~n t  must be cxpresscd in the samc units 
of lcngth; in the dcriomiiiatm D is in centimeters, sincc n is the number 
of neutrons per square ccntimrter. 

By incans of cqiintioii (7.58.1) and thc mrnsurcments rcferrcd 
to nbovc, t h c  valucs in ‘ I ’ t h h  7.50 h v r  been cnlculntcd. The “fnsb” 
ncu trons arc tliosc cl ctcd by sulfur and thc “slow” neutrons by 
t~isciiic.. ‘l’licsc tlnta, togc3thcr with cq uation (7.58.1 ), makc possiblc 
ttic cdciilntion of tlic iiumbrm of fnst and slow neutrons reaching n 
given nrca nt  tho ctirtli’s surfacr ai, various distancrs from tlic 
explosion. Some of tlic rcsnlts obtriincd in this mnriiicr arc depicted 
in Fig. 7.58. 

7.60 It is sccn that about 10 times as innny slow ncutrons as fast 
ncul rons arc obsrrvcd at lnrgc distnncrs i‘roin thc atomic bomb. 7‘hc 
fast nciitrous arc known to  liavc cncrgics in rxccss of 3 Mcv, sincc 

7.59 

18 It a l i o i ~ l d  bc iiiciitiniicd t l i ~ l  cqnntloii (7 R X  1) 13 a ~ ~ p l i c ~ ~ l ~ l c  Lo1 zlon nriitions, oiily brcmso thcy alisc 
thiough the 5 1 0 ~  iiig down of fasl iiriilioiib cIiiitlct1 by the bomb 
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Piglire 7.59. Fast and slow iicritroiis drlivcrcd per squarc ccirtinictcr as functioa 
of distance from cxplosioii. 

they induce activity in srilfin- ; llic C J W I ~ Y  rnngp o l  thr slow nciitrons 
is somcwliat uncertain, biit it is prohnl)lc tlint most of tlirsc: neutrons 
have encrgics around 0.2 c>lcctron-volt, this lwing tlic lowrr limit of 
cncrgy for nciitrons wliich lmvc trr~vclrcl an apprcciublc distance in 
air ( S  7.55). 

The ~~csi i l ts  qiiotcd in ‘I‘atblc 7.59 dcpriid not only 011 h e  
cncrgy rclrasc, of tdic bomb, which was 20 kilotoils ‘I‘NT cquivalent, 

7.61 



but also on its d&gti, for thr la t te r  tlcdri*m’l~cs tho sp 
neutrons lraving thr rrgion of t h e  hoinb ( $  7.52) Al i lwypl i  thry mag 

pied fol. ;IN. jir~rposc of oalculntion, i 11 tlrc absrncr of o t tm  
data, it  shoiiltl n o t d  that  tlioy cov~i‘ n lirnitcd region of cncrgics, 
namely, grcattr than :Z Mcv for thc lnst  neiitroiis, arid around 0.2 
clcctroii-volt for ihc slow nciiti*ons. ‘I’lirr(3 is obvionsly a very large 
rncrgy range from nboiit, 0.2 ~ I ( ~ ( ~ I ~ n n - v o l t  Lo :3 Mcv, for which no 
cxpcrimental information is nv:iilnbl(~. ‘l’lic lwst that, can bc tlonc to  
coinplctc the sprctrtim is to makc. n vwy nppi*o~iinntc giirss. On 
the  basis of tlic iiaturc~ of L h c l  clastic-soa b y  whicli 
neutrons arc slowrcl down, it is snspcc t r t l  111 f nriit rons 
with cncrgics in (Iic mngc from 0.2 (.I( 1-011-volt to 3 Mcv is approxi- 
matcly thc  same :zs the numbor of slow iieiitrons. 

7.62 ‘1’:Lliing 111r I d l r n l  n i i n i h c ~ i .  of slow n r i i t i ~ m s  ns 5X 10” por 
squarc ccvtinictcr ant1 of Fast I I P ~ I I  roils as 10” pw sqritii*(’ ccntimc~trr, 
which arc  tlic valucs gcwclt-zilly : i c w ~ p t ( ~ ( l ,  ant1 rising ilic d:t~:i for. N aiitl 
X in ‘I’ablc 7.50, it is mtiinat(~(1 1)y inwiis o f  cyiitilion (7.58.1), or lroin 
Fig. 7.59, tha t  tlic Icthal rang(’ of t l i c  i ~ c ~ r i i  mis  I‘iwtn a nominal atomic 
bomb, as far as thr fast niitl slow iicuti*ons nr‘o ~ o n c ( ~ r i i ~ d ,  wonld bo 
about 1,800 feet. If, in nddil ion, ~ ~ O J W I W  is i n n t l ~  for thc ncutrotis 
of intermediate ciivrgy, hd,n r v n  0.2 rlcctmn-volt a n d  t3 Mov, tlic 
dist nncv would prohbly  be iiicrcascd to nhoiit 2,400 feet from the 
point of the explosion. 

This result is admittcclly npproximatt~ for, apart Irom thcl 
uncertainty rcliLtirig to  thc distribu(ioii of ncutron cncrgics, iiiniiy 
minor factors liavc bcrn ignored. LIowovci-, cvcn if tlic rstimatctl 
apparent neutron sourcc strrngtlis w ~ r c  l o o  low by a fnctoi. of fivc, 
thc lctlial distance woiild bc incrcnscd to  only about :3,000 fcct. ‘I’lic. 
genrral conclusion Lo bc tlrawii, t lirrel’orc, is tha t  ncuti’ons €rom :in 
atomic hornb would bc lcllial l o  unsl~iclclc~~l Iwi’sons aL d i s l ~ ~ i i ~ c s  not 
grmtc~* than half a inilc from groiiiitl xcro. I t  slioiild bo iiotcrl that 
because o€ thc prcwncc~ of Il iii tlic iicg:riivt c.xponrnt and of TI2 in the 
drnoininntor of q u a t i o n  (7.58.1), thc irriitron iotcrisily falls oil‘ very 
rapidly with incrcwsing distance from thc atomic burst. 

As soon in f 7.48, thv rniigcl for a incdian lctlial dosc of initial 
gamma rays, in the absence of shiclcliiig, is sorncthirig like 4,200 fcct 
Irom the cxploding bomb. At this distance, it is rcasoniihly crrlain 
that thc nciitron intcnsit]y will bc wcll hrlow t h o  Irthal rangr. 111 

spite of the approximate nature of thc cstimatc made abovc, it can be 

7.63 

7.64 
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concliiclcd that iiciiti~ons from nn atomic bomb would nol  normally 
rcproscnt nn ntlditioml IiasrLrtl. 

T’OSSIT~II~ITY OF Ev.is~vn ACTION 

7.67 Tlic situation with i . c s p w l  to the. scnliiig laws l o r  neiilrons 
is vcry nncw%aiii l)c(*:iusc, as intlicat ctl abovr, tlic nratr.on spectrum 
clcpcnds in n cbornplcs w i ~ y  on tlic dctnilrd c.onstruction and perlorin- 
nnc~  of t l i ~  bomb. IHowcvcr, :LS LL rorigh rLppi.oximntioti, it may be 
assuiiicyl tlint tlir niimbcr of iicrit roiis in a p n  iticular rii(~igy rnngc is 
csscwtinlly propoitionnl to tl1r c r i r i g ~ ~  yicld of Ihc bomb. ‘rhus, 
for a 1)omb ol W kilotoris ‘l’K‘L’ cquivtblcnt rnorgy, ttic valucs of N 
for fast and slow neutrons would hc ObtrLiiicd roughly by multiplying 
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the rcsults in Table 7.59 Ly W/20.  The number n of ncutrons per 
squrwc ccnti1rirtc.r a t  any distance D could then be obtained, to a 
moclcratc tlogrcc of approximation, by mcaiis of cquation (7.58.1), 
using tlic X vn1uc.s givm. Altcrnativcly, thc ordinates in Fig. 7.59 
may bc innltiplictl by IV/20. 

Bccausc of the cxponcntial absorption factor e-”lX, and thc 
rclativcly short n i ( ~ i i n  R‘EC pntli, the lctlial arca increascs fairly slowly 
with the cncrgy o l  the homb. For example, an inci*casc in cncrgy by 
a factor of two is associated with an incrcasc of lcss than 400 feet in 
the lcttinl distance. 

7.68 

n‘lClJT‘ll0 V SIIIl~:I,DING 

7.69 Tlic 1wol)lrin of shicl(ling ngnirist n ~ u t ~ r o n s  is important in tho 
opcratioii of nuc~l(w wactois, cycloLi~ous, (ttc., but in view 04 r n l ~ a ~  
has bccn stated above, it, may not requirt. too much attcntioii in con- 
ncvtion with an atomic csplosion. Water or somr otlicr inatcrial con- 
taining 11 ydrogcn will slow down iicu troiis vcxry cfrcctivcly, and once 
bcirig slo\votl clown tlrcsc neutrons will b e  fairly rcadily capturcd by 
hydrogcn nuclci. This tmction is of the mdiativc capture type and 

A 
gainrna ray of this cw~tgy is cliiitc penct rating nntl c~ould do bio1ogic.d 
dainngc iinlrss it w e r e  absorbcd. As scm carlicr in this ch :~p t~ r ,  watcr 
is not IL vory satisfactory slric~lding inritrrial for such ratlintion urilcss 
nscd in vcry t1iic.k lny(~rs. 1loi.m dissolved in watcr acts as a good 
slricicl, sincc tho boron niicelci capturc the slow neutrons, bu t ttrc 
prowss is not of tlic rntliativc capturc typc and no gamma rayq 
arc cmittcd. 

In gcncral, concrctc mny represent a fair compromise for 
ncqtron sliic~ltling. I t contriins a large amount of Iiytlrogcn, to slow 
down the ncutt-oris, antl, i t i  cdclitinn, tlicrc. arc cdcium, silicon, arid 
osygcw atoms whicli absorb i hc  gnminn-ray photons that arc protluccd 
wlicn tlic iicutrons arc captmwl. HOW~VCI‘,  unlcss usccl in  considcr- 
nblc thiokncsscs, tIi(1 innin Tu1ic.t ion of concretc is to slow down the 
frmt nrutrotis nntl so rnnlw thcm less of a biological kiazartl. As sccn 
in 57.62, tlic lclhal number of fc~st ncwtrons is only one-fifth of thc 
corrc~sponding nuinbcr of slow ncutrons. At a tlistaiicc of 2,400 fccl 
from an atomic explosion, a thickncss of I8 inchcs of c o n c i ~ ~ t c  i~cduccs 
the numbcr of Inst ncntrons by a factor of aboutj 10. Tlic nct cUcctj 
is not largo, since the fast nclutroiis arc oriIy a sinal1 proportion of the 
total, antl thew is soinc in(-rcasc in tlic numbcr of slow neutrons, but  
it is suilicicnt to providc soinv protrction. B e t t e r  1-csults woiild hc 
obtaincd by using a moclified C O I ~ C ~ ~ ~ C  imido by adding a considcrablc 

liation cmittcd has an cncrgy of about 2.2 Mcv. 

7.70 





CIIAPTER Y l I I l  

RESIDUAL NUCIAEAR RADIATIONS AND 
CONTAMINATION 

A. IN'TKODUCTION 

1'ICltMISHI l31,E i i A i ) I  IT'LON 1)OSAGX 

8.2 Brforc pro( cl itig wit11 B niorc tlctailctl disciissioii of tlic various 
sources oC r&littd riiicl(~a~- rwliatiotis m c l  of thcir propc~~tics, furtlicr 
rcfri*ciice will bc IritLclr to tlic matter of radiation dosage. In tlic prc- 
cccling chaptci*, in tcrcst was cciitcrcd on tlic radiation cmittcd in a 
very sliort period of tirnc. 'l'lic problcm of dosng~,  somctirncs cnllcd 
a "one-shot" clos(1, ~ : L S  tlicn citiitc diD'crciit from that arising in tlic 
ctisc of tlic wsitliinl nr ic . l (m radiations \vilrich riiiglit pvrsist for days, 
wocl ts  or iiioiitlis.2 A Iiiiinuii being rtcciving n total of 400 I' of thc 
iiiitial rinclcar id i t i t i on ,  illat is, o ~ w r  $1 pcriocl of n rniriutc or so, would 
linvc t~ 50 pcrccnt, chaiicc of wrvival, but, if tlie samc amount of _ _ ~  

8 '1' Colron, L. R I ) ~ i ~ ~ ~ i l d ~ o i ~ ,  IC S G~IfllL~ii, S Glosslone, J. 11. liindr, 
, I 1  S C C J \ I ~ ~ C ,  Jr , 11 (' S i n i t l l ,  I H \Vohb. 
dosagc unit, llic iocnlgcii ( i ) ,  500 $7.41 .  
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r a t i i n h n  was ahsorbrrl ovcr n ~ ~ r r i o d  of a month, the probability of 
d rath woiilcl b~ coiisiderahly 1 ~ s ~ .  

Rltliough t h e  suscrptibility to  radiation, as to othrr hcalth 
hazards, varics lrom one iiidividual to aiiotlicr, ccrtnin general con- 
c*liisioiis c~oiic~rrnirig tlic ~olcraiicc doses have bocli rcaclicd. These 
: i r ~  hnscd mniiily on c~s~wi*ic~iicc~ with X-rays, hiit thcrc are good rcasons 
lor btilicviiig that riiiclcnr i,tidintions, sucli as bcta arid gamma, rays, 
bclmvt1 ii) :L similar 1iiaiiii(~r i i i  t l i a t ,  in rac-lr (*as(’, tlic physiological 
tlnrnagc i s  t luc’ to the  ioriiyntion resiilhg, dircctly 01’ iiidircctjly, from 
tli(. tL1)sorptioii of the radiation. 

Aftcir cwitniiiiiig till the availnblc information, the U. S. Com- 
mittee on X-r:~ys :rird Itndiitin I’rotccbtion coriclitdcd in 1936 that the 
~nnximuin h i i r r in i i  tolrraiicc closc ol X-rnys or riuclcar radiation, which 
cY)ultl bll t&rn up 011 suc ivc days, was 0.1 r pcr clay ovcr the whole 
body. In 0 t h  wolds, as thought that t h o  wholc body could 

8.3 

8.4 

absorb np to 0.1 I‘ of rntliniiori pcr \~mkiiig thy for long pcriods with- 
out  cxpc~rirncing p(1rin:mcwt limn. ‘h is  rat c of absorption was 
n c w l p t r c l  :is ~ l i c  toleictnw dosr or 1 ~ 1 v i i  bLe dosr of niic~lc.ar* radiation. 
IIo~v~c‘vcr, i i i  ordri* to insrii-c tin acl(~cluaLc~ factor of s:iCcty for pcrsonncl 
wlio arc r x p o s d  t o  radiations cvcry woi*king clay for many years, 
tlic ticccptctl prritiissihlc close. ratc in the Unitccl States has now bcen 
rcduccd to 0.3 r per w c ~ k . ~  

I t  slrould be understood t h a t  t& snfc dosc applies to absorption 
over t lic wliolc body, :I i i t l  for vliroiiic (’x’posurrs, that is, rcpc.atcd and 
p i w i  rtict c d  rsposiii*cs ovrr long peiiotls of tirnc. Sinall areas can bc 
c\xposrd lo very miicti largc~i- quantit ic.s of i*ncliatioti with no morc thurl 
Iocv~l injury being. cxl)c~i*icnccrl. It1 addit ion, therc is a dil-t’eroncc 
bctmcwi aciitc, that is, brief or otcnsionnl, cxposiirc nnd t>hc chronic 
espositi’c to ndiich thc tolcrnncr limit trpplics. Thus, a dosc ol 5,000 
r can bc nscd to trmt n sinul1 slriii canccr; hhis will lcnvc a scar, but 
tlirre will hc  no  other permanentJ cflccl. Even tho  wholc body may 
i~hsoi-1) 60 L’ in oiic clay mitlrout any npparcnt harm. Somcwhat larger 
singl(x closrs rnny have unplrssant coiiscquc~zccs (Chapter XI), hut 
will not provc fatid urilms repctrtctl 011 succcssive days. 

Tlic wliolc subject ol  radiation susccptibility i s  so indefinite 
that i t  is impossible to provide exact quantitativn data on t he  amounls 
that intry be tolcratcd uriclcr a, wide variety of conditions. It i s  hoped, 
howevcr, tliat tlrc information given abovc may provc useful as a 
rough giiidc t o  tho snfc dosagr of radiation €or an avcragc human 
bring. Sorric individuals arc iindoubtedly morc susccptible than 

8.5 

8.6 

I I I ~ I ~ - I , I I I ?  M I10 ‘11 r 1cjiiiLii ly n p o w l  to i , id~. i l io~is  :in,ilogoos lo  gtiiiiind r.iys, thcic is 
o I i 1 1 ~ 1 1 1 y n h o 1 c  t h l t ~ q ~ o s i ~ ~ r l i  ~ s h c c n k c ~ ~ t d o \ \ ~ ~ t o O  1 1  IICI d a y o \ c r ~ ~ t c n d c d ~ ) o ~ ~ o t l s .  
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ot,hcrs, but  statistic,al avcmges must be considcrcd for practical 
purposcs. 

B. SOURCES 0 1 7  RESIDUhl, 1ihDIhTION 

~ ' ISSION PRODUCTS A N D  Trr~~iz DECAY 

8.7 Thc fission of urnniiim 235 or pliit,oniiim 239 results in t h c  
forma1 ioii or' a t  lcnst 60 atomic fragments, rcprrsciiting isotoprs of 
pi*ob~l)ly 3.1- ciilfrrcritj clcirrrrits (5  1.48). All of thcsc isotopes arc 
uudoubtcdly rad iowt ivo, dwayiiig by tlic ciiiission of beta parliclcs 
(clcctrons), frcqurn t ly t~ccoiiqmtiic~l bjr oiic or inorc photons of gamma. 
rr~tliwtion. 'I'hc l i n l f  livcs (5  I .18) of tlic rntlioisotopcs may vary horn 
a. fraction of a sccoiid to many y~a r s ,  aiitl tdir products of dccay arc 
usnnlly also rtidioac.tivr. The dccay products inay linvr longcr or 
sliortlrt' I r n l f  livcs tlimi thcii. pawiits, depending on circiimstanccs. 
As s t r i t d  in  5 1 . 52 ,  cnch of thc 60 or inorc primn,ry fission lragincnts 
will iiti(irrg0, on t l i r  nvc~ri~g'c, thr tagcs of beta tlccay, oftcti accoin- 
panird b y  g 'n i i i~na  i*ntlia,t ion, lwforc i t  is coiivcrt,cd into ti stnldc spcrics. 

Lt is rvitlcnt 1 hat thc  fiissioii products mill coiistitut,e n complcx 
mistiirc of idioaclivc sii1)stanc~~s. k'iirtlirr, the total twtivity of l h c  
p r o d i i c ~ s  of : L I ~  atomic. rsplosion is ~(1i.y lnrgc. It lins bcon c ~ ~ l o u l n t ~ c c l  
tlint n t  I minuto a l tc ' r  thcl tlctorintioii of  n iioiniiinl atomic bomb, when 
thc rcsitl unl niiclcnr raditLt ioii ~ I L S  bccu postnlatrd as kxlginiiing, the 
fission products will br cmit tiiig gnrnrna rizcliatioii at the ciiormous 
rate of 2.1 X lo2* h l ~ v  of ciicrgy per second. Even after an hour, 
tlic ratc o€ cmission of gnirirrin rticliat,ion will bo nearly 1.6 X lo2' Mcv 
pcr sct~oiid, so tlitLL, althongli 1 Iir gamma activity has docrcased by 
n factor of nbout 130, it is still c.strcmcly 1:~~gc. 

A method of rsprcssiiig drcny ratcs, which is widcly used, is 
in trims of  tlic itriit callcrl t h r  curie. 'l'liis is dciiiicd as t~ quarility or 
radioactive matci.inl uiitlcrgoing 8.7 x IOxo disintqpLioiis p e r  srcoritl .4 

Drcnitso of tho very higli activities of the Lissioii products, it is oCtc.11 
morc convenient to use the megacurie unit, ~vliicl~ is equal to I O B  curies, 
and corresponds to disiiitcgt*atioiis at the 1-atc o€ 3.7x 10"j per sccond. 

I n  coiisidcring tlic raclionctivity ol' the fissioii protliicts, thr 
gamma radiatioii is of thc gtmtrst sigiiificaiicc, siiice its pciirtrating 
pow-CL' is very inucli larger tlinii Llint, of tlw bctu particles. Consc- 
quriit ly, it is inor(' iiuportant to  cx-prcss act ivi t ics in t cmis of tlic 
forriicr. In Tnblc 8.1 0 tlierc arc givrii tlic cstiiiiatccl lotnl gnrnrna 
activities of tlir fission products from a iioiniiial atomic bomb, 
exptcssccl in mcgaciirics, at) various times aftm the dctonatioii. 

8.8 

8.9 

8.1 0 

4 This figurc \vas olioscti hccuuso i t  is cqu;il to tlic rntc of clisintcgration of 1 gram of purc radium. 





Rctivity=-/l,f ', (8.1 4.1) 

where A, is Olic nppiopriatc nclivity of t h e  pariicxlni~ fission product 
spoc~iiiicii n t  1 scvoncl al"tcr tlici csplosion. 't'lic time iinits ticcd not Isc 
in sccoiicls, for i f  A ,  is tlic activity in m y  choscn units at 1 miiiutc or 
1 I~oiii. tiltor tlic ~ict~onntioii,  thcn cqualiori (8,14.1) will give the activity 
in thc saint units w i t h  t iii minutes or hours, rcqxwtivcly. 

For  pracatical piirposcs it is uschil to cxprcss tlic activity 01 a 
yurmtity of fission pi.oduc i l l  (cmiis of thc dosage rate ill rocntgcns 
per unit Lime. This dosage rate, whcthri. (Iuc to gamma rays or lo 
beta pw(iclcs, or to both, will bc  proportional to thr activity, i. e., 
l o  the mtr of emission of' tlic rays or parLiclcs or both, rcspc.ctivcly. 
(~o~~scqiicritly, the (losap i.ntc1 in rociitg~iis pcr iiiiit timt., duc to any 
quantity of fission prodncd s, will bo givcn by :in csprcssion analogous 
to cqiiatioii (8.14.11; tliiis, t l i ~  dosngc' rn tc  a t  m y  tiinc t can  bo repro- 
sc11tccl by 

ltociitgciis pcr unit time- llt-l.z, (8.15.1) 

where I, is the dosage rate a t  unit timc. Thc quantity 1, call rcifcr 
to the closagcx I Y L ~ , ~ ,  due Ilo fission products, in  rocntyns per unit time 
at any unit of time, c. g., sccoiid, ininiitc, hoiw, ctc., after thc cx- 
plosion; equation (8.35. I ) ,  with t in tlic samo limc units, will thcn give 
the dosagc rate dtcr thc l y ~ s c  oC lhut lime. As indicalcd above, this 
wsult applics to gninma rays, to bctt~ particles, or to both. 

8.1 5 



8.16 Thc smic facts may be cxpi.cssc~l coiivcniciitly in the form of a 
graph, as iii Vig. 8.16, which is really a logarithmic plot of equntioii 
(8.14.11, the slope being -1.2. It is supposed that the dosage rate is 
1 r per hoiir st 1 hour afkr Lhc atomic explosion; then the ordinates 
give tlic dosage rntcs a L  various otJici* t,imrs, in hours. Tf the dosage 
rnlc alter 1 hour shoultl bc I ,  rocntgmi per l ~ o u i ~ ,  tlrciz Fig. 8.1 6 will 
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1 I t  tias hceii r:ilrwlatcd th:it i n  ii Iocalily mhcrr 1110 dosopc ratc d i i c  to thc gaintnarnys from fission proillrots 
his the h i g h  v : h c  01 100 Y por Iioiir a t  1 hotir :iltcr thc explosion, tlic ptutoniiim, nssiiininp ii total mass of 
100 kg., will hc dcpositcd :it, thr rate of iihoiit 140 microg,.iitns, i. c , ,  1.4X10-4 g m n ,  1)cr sqilare mctcr. Thc 
strict 1iibor;itory I.oIw;iitcc rlosc for colitinriccl c~xposnrc, which ;illows B w r y  considcnihlc factor of snlcly, is 
I:ikrn t o  t ic  I inicrogr;iin pcr s q i i w c  1111~11~r, iiltcr :ill rcndily rcrnovnhlc m;il,crinl has been scrahhcd off. 
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__ 

Il’igiirc. 8.371). I h i a g c  rates as fiiiiclioii of llcigllt al)ovc surface of ~ k a l c r  willi 
coiit aiiiiiialioii dciiiity of 1 ciiric pcr cubic yard for gamins rays oi various 
cncrglc’h. 

tioil, and  this ionization is rcsponsiblc for. the 1i:winful physiological 
As intlit~att~d nl)ovo, bctn particles produce 

ioiiization c l i i w t l y  iii ihcir  passap  thi*ougli imit tcr; this is, of (~OUL’SC, 

c t l ,  sinw tlie ptwticlcs are t~(~lii:illy olct~~rons of high energy. 
Tlic c[l’ecL 011 living organisms of beta particles is h u s  similar to that 
01 gnrnina rays, and tlic tlosagc in the forincia casc, as in the latter 
cast, can bc cxpiwss”1 in i~ocntgc~i~s. 

By iisc of ciuaiiluin incchaiiics, i t  is ~~oss ib lc  to calculate tho 

s of t lic iwl i : i t  ion. 

8.40 
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loss of rnwgy prr' ccnlimctrr of pnth in a given medium due to  both 
causes iriciitiorictl i i i  Q 8.:38,9 Tlic rcsults are sliowii graphically in 
Pig. 8.40, which g h c s  the raugcs of bcta pnrliclcs of various initial 
cncrgies in air, wntcr, and l e d .  The rnngc is bcre takcn as the total 
clisi,ancc a beta partic>lc of specific ciicrgy would have1 through a 
mcvliurn bcloix it, is virtiidly hongl i t  to r~s i , . '~  A t  this point, the 
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8.56 11 is iinpor1:int nt this point l o  distinguish clcwly bctwccn 
\vorld-witlc n i i t l  local coiilernination. T o  bc t i  scrious mcnncc, the for- 
rncr would rcquirc, as sctm nbovc~, the csplosioii of n vcry largc nnmhcr 
of boiril)s, but  tlic cqilosion of t i  singlc homb in appropriate circum- 
stariccs iniglit ( ~ ~ i i s c  a linznrd i n  a limitctl nrcn. It is this latter aspect 
of t,lic pro1)lcm o l  iwidirnl tiiiclcnr ratlintion ltwn atomic explosions ol 
vaiioiis typcs mliicli will hc consirlcrctl in tlic following sc 

C. RRI>IOAC'l'IVE CON'l'A~/llNATION 11U1' TO AIR RURST 
c! A I' SICS O F  C O N T  A MI N A 'ITON 

8.57 In tho cnsc of t i n  air t)iirst of n n  atomic, Immh, tllicl radionctivif8y 
n t  t l ic  iwth's sui.facc1 \\iould clcpc~ncl  cssc.iitinl1-j 011 two factors, namcly, 
iic.ritr.on-incliic.c.tl n ivity n n t l  fall-out, since. t h c  clircct clcposiiion of 
fission pi*odiicts is ric~g1igit)lc~. 'I'hcrc \voiilcl nlso be contamination ol 
tlir air by t l i r  rntlioat-tivc caloiitl wliicli woultl h a hazard to aircraft. 
As far as t h e  i n t l r t t w l  :wt ivit8y is ('onccrIicr1, this would probaldy hc 
soincwliat locnlixi~l in  (~liaract~i+ n i x 1  would bc apprc4hlc  only ncar 
grountl  mi^. 'I'lict~~ is II  possihilily, or coiirsc, that t h c  rntlioactive 
mnirrinl foriiictl i-losc to t l i t .  poqition of burst mny be cai.ricd ov(1r n 
fsii-ly large ZIIYW by t h  sc~c~ondnry winds cri:at c t l  hy (be updraft, ol  thc 
rising c lo i id .  A special c ~ n s r  is thnt of an air burst over salt water be- 
i ' t tusc of tlic prcstmcc~ of r i h  iivcly large anioiints of sodiuin chloricl o 
( 5  8.25), and 1wctLusr ol tlic fairly rapid diffusion of tlic nthvity in thc 
\\7 n t Pr. 

8.58 'I'hc i*clntivc iriiportnncr of tlic sotirccs ol radioactive con- 
tainiiintiori lollowing an air I)iu'st will tlcpcnd on a varirty of circum- 
stantacs, for t~xninplcJ the. nntnrc  of tlic icwain arid thc meteorological 
contlitions. Yrom n gcwcral poiiiL oC vi(w, liowcvcr, the height of 
burst is pcrliaps of most sigiiificancc, sincc this has n considcrnble 
inllncncc on tlic inore 01' lms locd coiitniniriation as ~vvcll RS on tho fall- 
out. For convci~ici~cc, hciglits oi  burst inay be dcscribcd as high or 
low, and  altlioiigh it, is not possihle LO malic a sharp demarcation, it 
\vi11 be tttlwn licw to he about 600 f t .  This figul*c> is chosen because it 
is approsimatcly tlic masirnum r d u s  of thc  hall of fire ( 5  2.12), so 
Lfint, in n n  atomic explosion ttbovc this altitude the ball of fire will not, 
toiicli the groiiiid. 'I'lius a. higli burst will imply a dctonation a t  an 
altitude grcatcr tlinn 600 fcct, m t l  a low burst will rcfcr lo u lowcrlcvcl. 

I';FFI;CT OF ~ T I G H  AIR BU~LST 
8.59 Typical cmmplrs of high burst atomic bombs wcrc thosc 

cxplodcd ovcr Hiroshiina arid Nagasaki at altitudes of about 2,000 
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particles rncntjiotictl in  1,lir tnblc, FI liicli arc iicnrly 1 millimctrr in 
cliametcr, woiilcl tlescrnd n c d y  4 inilcs from tlicir point of origin if tlie 
wind velocity rcrnninctl coiistniit at 10 inilcs per hour; marly of 
the snmllcr pnrticlcs would, of course, trnvcl much furtlier hcforr 
d csc cn d in g . 

13vidciicc Tor thc  grrnt tlistaticcs tvnvclcd by cliist particles 
has been obtaitic.tl iu marry instnnccs, tho outstniiding rxnmplc hi rig 
thc Rrnl<atao cruptiou.l* Rltcr Lhis clistiirbnaicc tbr di ist  was clclcctcd 
thoiisnncls of milrs n~vny. Tu fact, rcsidiial volcanic ash rcrriaiiicd 
suspcnclccl in thr atinospliri~c for approxitnntrly thi-cc years. Furtl icr,  
the brown colorntioii of l h r  siio\v obsc.rved itr Nr\v 11:iiglancl iii Pcl)rii- 
ary 1936, was  d t t ( ~  to soil I * ~ L ~ s ( Y I  by t~ tlrist stor111 i i i  ‘I’PXLLS noarly 2 
d nys cni*licr. 

8.73 Of inore dirctbt i!lLcwst is the fact that radioacl,ivc d u s l  
pi~oducccl in tho :htornic* bomb (“Tiitii ty”) test a t  Alninogordo, New 
T~lcxico, on July 16, 1945, was drtected by its presence in strawboard 
produced at  Vi~~ccmics, lncl innn, on hugiist 6, 194E1.l~ ‘I!hc soilroc 
o l  11ie contariiitiatiori WLS uutloubtcdly the water irom t h ~  W:Lb:di 
liiver, which tlrahrs u large nrcn. h i  spito ol tlic Cnct that tlic activity 
was ndsorbcd by t h ~  s t ~ ~ ~ w  C ~ O I ~ I  lnrgc~ nrnouiitx of water, risrd for 
wtLsliing, the tot:il radioac~t  ivitly wns t ~ ~ t ~ i d l y  vcry small, :mcl i t  woiiltl 
lislvc iind oub todly oscnpd no t,i cc coriiplc ly werc it not €or the facl  
tliat tho  strawhoartl was itwd f o r  p:wltii~g vcry sc~risitivc X-ray lilms. 
E’oggccl spots w c w  fouiicl on ttic film duel to nclioii 01 t h e  rodiatiolis. 
It may be mcnlioiircl t h t  a(, Lli(1 “’I’riiriLy” test, tlic bomb was rx- 

amount of drbris was sticbccl iiit>o ~ h c  atomic cloucl (scc Fig. 2 , l l ) .  
Al(,liougli tlic l:~tc1*:11 trmisport of most of the particles in Lhc 

idl-out will bo duo to tli(1 t w L i o t i  of winds, a proporlion \viil be dis- 
~~ctrsccl hy ccltly clilrusioti. I t  is c x p r t ~ t d  t l i t L L  this €tictor is significmit 
only iti tlie lowest lcvels of tlw nlmosplirrr, aiid tticii the roughness 
o€ tlic terrain may lead to an iineqiinl tlrposit,ioii of particles. Il 
t1ici.e is L very stable thermal stratifioation of the lowcst layers of 
tLir, a grcntc~ conccntratioii of activity niny occi~r io a valley tlititi at 
liighcr altitutlcs. lCvcn under coiitlitioris of turbulcncc, it is possible, 
as a result o€ eddy tlifl’usioii, for wtivity to b~ clepositcd in one area 
yet for it Lo bc  colriplctcly a t)scnt from iicigliboriiig areas. 

8.76 The forcgoitig considci*atioii~ t ciid to support the general 
conclusion t l ~ ,  in most circurtistaiiccs the f:Lli-out from i ~ i i  air biirst, 

O[ ~MXIS WOIC Icllbcci, IIUII io1 ,111 ,ILOIIIIC b0111t) cx~)io~1oll. 

8.72 

ploclcd 011 n to\vcr about 100 f(’Ot> nbovc 1110 grouud, so that a lnrgc 

8.74 

14 ‘l’tiia ciiii)tioii, of coiii\c, mvolvcrl c~oiisidi,i‘1lil> l.uact .iinounLs of cncigy, nnil much 1,ii~ci qn.itiltLics 

lb J. II. Webb, Phys. 12eu., 7G, 378 (1049). 
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probably vary mnrkcclly with tlic conditions, such xs tlic bnsc si1 tg~,  
which in turn rnny well dr1~cnd on tlic (lqith o i  i h c  bui*st, thc rnctcoro- 
logical conditions, e. g ,, w i d  velocity and clirectioii , rain clouds, c~c. ,  
uiicl t1w Lopogrnpliy at  the sit c of 1 1 1 ~  tlctonai~ion. 
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Pigiirc 8.83. I h a g c ~  r : ~ t ( k \  111 atomic cloiit l  a i  function of dislmlcc froin center st 
V ~ L I  IOU\ Iiciglit5. 
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bl nnd c .  ' ldc dosage dnc to Lhc basc surge mist as it passcs over 
ant1 tliroiigli ai1 WCLL is sliowi in Fig. 8.91-a. 'I'hc distortion lrom 
symrnctry IS due to ~ l i c  fad, that a. wind ol about 5 inilcs per hour was 
idowing aL and iicw the surface oi' tlic lagooii at tho Oimc ol tlic 
clctloiiat ion. 'l'liis rrsiilis, o l  COIIIW, in tlic ixdiowtivc rontilmiiiation 
cxtctitliiig iniicd I'ii t*tlirr dow~iwi i~d  tliaii in tlir upwind clirc~Lioii.'~ 

1 0 I 



0 I 
U 

( m i l e s )  









r l h r .  

P /  hr. 

I/ hr. 

I 0 



286 RICSIDUAL KIJCLKAII RADIA'rIOl\S ANI) CON'I'AMLNATJON 

E. l iRU 1 A7 ' I ON CONTAM 1 N h T  I ON I'KOM 1JN 11 E kCROUND 
T3l: IiST 
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DISADVAXTAGES OF I~ADIOLOGICAL WARFARE 

8.11 7 ‘rhc lintlira1 decay of imlioactive material incans that thc? 
contnmiiint ion hazard is one n,liic~li tliiniiiislics with tiinc. T h i s  fact 
reprcsciits a clisadvantngc of radiological wrwfarc in mother sense : it  
i s  not possiblc to build itp i t  stoclipilr of inaterial for subsequcnt use, 
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vnliic vnrics so~ncwliat with t11c identity and cncrgy of thc ionizing 
psi-ticlc, but ~ l i ~  ligiii*r of 33 inny bc atloptrd as n f:iir q p r o x i m  n t '  ion. 

9.7 Tlic ioriizittioii tlciisity is iisiially cxprcsscd in trims of the 
spwijiic ionizcrfion, i .  r . ,  tlic iiiiin1)rr of ion-pairs pcr cscntimctcr of 
p:~tli. l'lir spr(*iLics iouizaLioii of n brtn pni%iclr i i i  tiit. a t  ntrnosplicric 
prcssiirc vnricls frotn a1)ori t  to :100, nwortlirig to tlic init in1 cnrrgy 
of tlic ptti-tniclr. I'or nlpltn p a  t-ticlos of  tmliont~tivc~ oi-igin, 1bo ionim- 
tioii (lciisity is approxiinat cly 40,000 l o  100,000 ion-1xrit-s pcr ccnti- 
mctc r  ol path. Uccwisr th( .  lnt  tcr low t h e i r  rncrgy morc t-npitlly, 

way, nlplin part irlcs c~spcllrd from i-ndionctivr nuclci have a 
sliortcr raiigr tlinti do  bctn particles ol' similttr ciirrgy (sce 

('linpt P I -  VIJ I ) .  A clinqytl Iissioii Cragnlcnt Iias n sprcailic ioiiization 
r n i i c ~ h  liighri* t l i a i i  I h n t  of n u  tilplin pattir.lc, but the  iotiimtioii clcnsily 
tlccrcnsrs aloiig Ilic p : ~ t I i  as th(1 fission fmgmcnts p i c a l i  u p  electrons 
nri t l  so gt~~t1u:illy loso tliciir clinrgr. 

In tlic cast of liqiiitls niitl solids, processes somewhat more 
cornplicatctl I) i i t  t~~inlogoiis to cxcitntion nnd ionization take place. 
Thcrcforc, i r siicli s i i bs t tn iem arc rsposcc'l to iiiic~lcai. radiation, they 
niziy f l i i o t ~ c s ( ~ ,  i .  c., ciriit light, i ~ i i d  they rnny be ~~cnclcrctl c*onclucting 
t l i i r  to Llic srpnrntioii of (~Iini~gcs within thcm.  As in tdi t  case of 
g:tse~, so also iii liqitids ant1 solids, both pi~opri*tics, nnincly, Iluorcs- 
( ~ r i ( ~  nnd c~oiitlnctiou, may bc utilizcd for clrtcct,ing clrctrically 

9.9 Soinc (arystnls havr n rclntiv igli ~luoi~csccncc yicld and, 
furtli r r inot~,  t h o  p t L t  11 lcngtlrs of (1 cnlly c'hnrgcd i*acliation in 
crystals arc c~xti*rinrly short. lht l i  csc i'ncats m u k c  it possiblc 
LO focus tlic I Iuo i~csc~n~~  imlintion on  n sinall, sensitive. ligh t-clctecting 
ticvice suclli RS t~ ~ ~ l i o t o i i i ~ i l t i ~ ~ l i ~ ~ t ~  ttthc. I n  this way crystals cnri hc 
iisetl ns inwm foi. rntlint ion ( 1  (sting propc~ty of 
somc crystnls is tlic fact t l int thcy (lo i i o t  re turn to their normal stntcs 
im m c d i tt t el .y n l' tcir ii i t r i'ti ( 3  ti I 1 g \vi tli t 1 ic clcc ti-icdly c h n rgcd radiation. 
7'1ic riirrgy tlius gniiircl is, in f1 srtisc, trnppccl witliin tlic crystal 
:tiid eaii 1)r idctiscd soin(\ In tw tiin(> by ,211 cxtrrnal agrnt, Cor cx- 
tmplc ,  :L liglitj sliiiiiiig on tltc ciystal. 

Crystals, such ns silver cliloritlc, polassium iodide, diamond, 
cnlciiim tiiiigst:itlc, sodium iodide, riaphth nlenc, anthrncone, and others, 
arc now bring usrd, mainly ns ~-cscnrcli tools, for tlic study of radiation 
mcnsuivmcnt,s. Alt,liougli tt icy arc not yct cinploycd to any laigc 

ioii siirvciy work) a s t n r t  hns bcori rnndc in 
111 tlcvclopinciits may bc oxpected in the 

hi atltlitioii to t I i ( 3  eotisrqiirii(ws of cscitntion ant1 ionization 

9.8 

(hargcd rntli' ,I t '  1011.  

0.10 

€11 tul*e. 
0.1 L 
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Iinvc 11ic poi cntinl i*cacl. I n  tlic self-roacling pocliot closimctrr (Fig. 
< I .  Ig), wlricli is siinilni* in six(. : ~ i i d  sliapc arid is also mi ionization cham- 
twr, a ca1ihr:Ltd devjw j s  iiiclitclcd, so that the dosago a t  any time can 
bo  intlicntcd dircwtly. ’cncc of potential is npplicd As b c f o r ~ ,  a tl 

Bakelite Electrode/ Pdystyrene/ Chargin\ 
( Interior Surface Coated with Graphite ) Insulator Diaphragm Cap 

Il’iginc 9.17. I’crioniicl poclirt chain brr. 

1N STJt U AI 11; N‘r I’F:lbSO NS V:T, TYPE 



Gn Ill II 1 n 
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loi i izat , io~r  cliaiiibcr 
IClc c tron I c: t cr alii 1) lificr 
o l l t p ~ l t  cllrrellt 111ct>cl. 
! I  p O l l l I ( 1 s  

,5 s ti s 12 iriclics 
I lcclaiigihr coiitaiiicr wit>h inl,crchangeablc 

filt,crs oii bo1,toin sick of ioiiizat,ioti charnbcr 
1,000 llollrs 
[Jsiial I). C .  amplificr clifEcultics, such as, in- 

sirlation, drift,, and fluctuations of battery 
voltage 

Vcry iiscful as gciicral survcy nictcr 

of 1 l it1 t>lcct roiiic c + i w u i I .  I t  is iinportant to note thah in the form 
tlcsc.ril)ctl, tlir pillso-coiiuting c.liambcr counts t lie ionizing cvcnt,s and 
r l o t ~  not ~ n c ~ ~ s ~ i r c  tlic totnl ioiiizatioii proclucwl in tlic gas. 

1'1101~0R'l'Ion.I\I,-('OUhT'J'INC ( ~ H A A I I 3 l ~ , R S  

9.2:J Ln the varioiis I'oims of ionization cbambcr rrlatively weak 
ITowcvcr, if tho electric Iicld is sufficiently collecting fioltls nul used. 
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which is vcry frngilo anel dillicult, to make. As in tho case of t2hc 
ioiiimtion chamber, this countcr would also respond to beta and 
ganirnn radiations. 

If IL suitable photographic einulsioii absorbs an  alpha particle, 
tho rcsult, nflcr dcvdopirwnt, will tw a tlciisc t rack  wliicli is visible 
when vicwccl in a liigl~-powcr iiiicroscoopo. l i i d i v i c l u d  tracks 01 
alpha particles arc clcnrly t-csolvcci if a spccinl, thick lilrn is usctl. 
This mcthocl of measuring alphn coil lnminalion rcquircs spccid 
tcc.11niquc.s and is scltloiii iiscd in survcy work duo, mainly, to (,he 
tirno requircd for the nrialysis of ltic iilm. 

9.42 



DECONTAMINATION 
A. INTROUUCTION 





3 14 DECONTAMINATION 

t :)in proccssc’s of drcoittnininntion, involving t h o  use of clctcrgcnts, 
iq’wscni, n cat cgory int cmic\tlinte bctwrwn chemical and physical. 

B. NAT’L‘RIi 01‘ J<hL)IOAC’I‘IVI~ CONl’AMINAI‘lON 

IDENTIPICATION O F  CONTAMINANTS 

10.8 Ti1  order to  tlcvisc suitablc clicmical elccontnmination pro- 
c~(I~it.cs, iL is ncc.c~ssnrj~ to hnow something ol the nnturc ol thc radio- 
acl ivc matc~i.inl rc~sponsiblo for tlic contamination. Tho composition 
of tho iissiori products a t  vwioiis liincs nitcr tho atomic explosion 
is Ct1id-y wcll l m ~ w i t ,  as will bc socn bclow. Conscquontly, if it is 
cc.1.t ni i r  thaL thc coiitnminnt ion is clue to fission products, thon nppro- 
priiLtr c*liornic*al iricthotls o i  trontinciit coiilcl be dcvclopcd. A 



rc~l:~tivcly siinplc tcst for tlic mist  i i r ~  ol fission products is to deter- 
iriiiw the  ovcr-all ratc of' i~t~(liowt,ive t l ( ~ n y  a t  various timcls tLltor 
t h ( b  explosion, using a suita1)lc iiistrurnciit (Chaptcr IX). The plot 
of tlw logarithn of ( I i c  t l c~ny  1 . t i t c 1  against Llic logai~ithm of tlic Lime 
should g i ~ c  a straight liiic with R slope of npproxima tely - 1.2 
(cf. .Fig. 8.16). 

10.9 ISccausc tho fission protluds arc s i ic l i  n coinplcs mixture, 
it may bo diiJicult to dctt  thc prcwncc of r~atIioac.tivc isotopos 
resulting from tlic action ncuti*ons. I t  is probably justifiable 
to state, howcvcr, that if the over-all clecny rate s:itisfics tlic twiictition 
givcii above, the neutron-induccel activity may bc iicglcctcd. 1 n 
the cvciit tliut this is not  the case, an atteinpt must bo made to 
itlciit,if'y tlic isoi,opc responsible for Ihc atltlitjoiinl activity. This 
may riot 1)c nri easy rnnt Let-, mid tbc best npproacli is Lo look for tkic 
most likoly rtidioisolopcs, for cxamplc, soditmi 24. 

ion-prodri et mixtiire were cmploycd as a radiological 
warfurc wcapoii, apart from t>lic atjornic Ilomb, t lic dccoii tainirtatiori 
problems would bc mucli t h  same ns iiiiglit :irisc i f  tlic tmnb were 
usccl. FIowcver, iT a specific mdioisotq)c or n ntivcly silnplc mix- 
ture of siwli isotopes cxt i~xtct l  from fission pi'o ts were used for tho 
I)III'I)OSC, t h  iinturc of tlic c>lciricw ts would liavc to be dctcrmiiiod. 
I n  the simplcst ( ' t ~scs  this might, be dorio in two ways. First, assurniiig 
tlic isotopci is oiir wl~ich hns I-)ccii pivviously kiiowii, as is likcly, arid 
its propct*t icis ttib~ilt~t(~1, mcwiirc~iri(wts of its rat c of decay, so as to 
givc its litill lifc, arid of the rtuig(1 of tlic ptirtic*lc emitted, which is 
rchtcd Lo its ~ i o r g y ,  would pi*obd)Iy b c  suflicicrit to  identify the 
radioisotopr. Sccoiitl , a chciinicnl pi'o LIr(1, llascd 011 tho €act tl1:rt 
a radioisotop(~ has, lot. all prticticd piirpost~s, t l i ~  s:mw chcrnica,l 
propcrtirs ns t~ s t n b l c  isotope\ of [lie mine clcinciit, iriiglit bc rmployccl. 

. r n e ~ t h o c l  iIivolvcs thc  prirrcipl~s of tmcer chemistry 
which, ultliough loiig kiiown, litis rentdied :L lrigli stn to ol  clevclopmcnt 
in rccent yct~t's. I t  ir inlws possible tlw idciitificxtioii of quarititJics ok' 
riitlioisotoprs so sirirdl t h t  tlicly \voiiltl iiot b r  visi1)Ir in the bcst 
optical microsc8opc.s. Chi iscq  tic>iitly, very sinall :moiiiits o i  cou- 
t amina t~~ l  rnnt (>rial coiilcl be sul ) j rc%cd to andysis. 

In  outliiic~, tlic proc:cw iiivolvcs dissolviig the iriatcrial con- 
taining the radioisotopc~ arid tlicri atltling to Lhc. solution an appreciable 
amount of the ordinni-y, st:il)lo form of the clcinriit of \vl~ich it is siis- 
pcctccl to be an isotopc. P o i .  ( ~ ~ ~ i i i p l ~ ,  i l  a radioactive isotope of zinc 
wcre suspcctcd, a C:lii* c411aiitity o[ a11 orclirwy zinc sd t ,  such as ziiic 

'J'lic zinc is tlirii ~~rccipi~n,trd 
by tricms of a suitablc rwgriit, mid i l  t l i( \  prccipitntc coutniiis all the 
activity originally prcseiit, tlicri iL is retisonably ccrt,ain thal i~, is due 

I O .  I2 

, ~'oii ld be :~dtlcd to t l i ~  soluiiou. 





1 h0iLl 1 week 1 nionth 6 ?iionths-l i eur  
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C. DECONI’AM INATTON PROCEDURES 
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rrnioval of tlic film will fticilitntr tlic aclion of tlic various ngcnts used 
for inow t li oro ugl I ( I  ( ~ 0 1 1  tninii 1 iLtioi 1 .  

In cvc~y  nt tcrnpt ,  nl tlcc.oiitnmiiiation, preliminary or final, 
the s d d y  of pc~i~soiiiicl is nti c w m t i d  clonsitlcrntion. 7‘ho immcdiate 
cmcrgcncy in(~asiircs iniist corisc(~i~c~i Lly bc dalnycd, as stated abovc, 
until the activity has tl(bc.nyc.tl sulrtoiciitly to  pcimit operation without 
tmxssivc risk. rl’lios(~ r l i iw Lly rmploycd in t h o  decontaminating 
worlc should mcar suit :~blc protective clothing, oi rubber iI necessary, 
ant1 sliould br provitlctl wit11 i’u bbci. boots mitl glows. I€ spray or 
dust is p r d  u c d  in ld ic  apcrnt8iori gogglcs, nnd intLsks must bo worn 
(cf. 8 12.70 P t  seg.). 

Sliic~ltling, whctlici~ by dishiicc, tcrmin, walls, structures, 
ctc., must 1 ) ~  used as atlvnnIng.coitsly as possible. For oxnmplc, tho 
c~t.contninirintioii or n builtling or a ship should be stxrtecl from a 
siiitnMc posilioii in t h t l  in12ct*ior, w h c i ~  t lic activity will probably bc 
lcss tliaii on t l i c  outsitlc. In this connrctio~i i t  is i+coornincnded that 
iiistnllntions ol‘ stixtCgic import R I ~ W ,  in n siOnntioii w h c ~ c ~  oontuinina- 
tion is t i  possibility, slioiiltl provitlcd wi th  hosing down cquipmcnt 
cont,i~ollnl)l(~ fimn tlic in(c1rior. 

It, is not posqihlc to  give n gcm.ral I-ulc concciming t h o  
nrcxs froin wliicli docorit arnirintion should bo initiatccl. In  some 
cases it  would br adviiritngcoiis to stjar[, in n rclgion wlicr~e thc  activity 
is low, for. Ibis will 1100 only Innkc. tlic opci.atioii lcss liaxardous but 
will allow tiinc lor rlcc*ny ol tlrr: 1 1 1 0 1 ’ ~  highly coiitnininatjcd portions. 
On t,lic otlicr hand, in ctv*tniii c~it~curnstniic.rs, it might) be aclvisublc 
first to cniyy 011 (, n quick, ( v c n  if pwliiniiinry, tlcc.oiit,r~mination ol a n  
nrca of high (,on tarnin:rtiou in ordcr to pcimiL frcwlom oC movomcnt. 

10.34 

10.:$5 

1O.:3G 
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10.46 I n  t l w  cxninitintion of tlic nnvnl vessels which h a d  hccomo 
conlnininatcd wiih r:di iiy n t  l<iltiiii, it was obscrvcd Idmt much 
of tlir twtivity was ass 1 with d i i s t ,  corroded nrcns, etc., which 
could h n  rcrnovd \vi ( 1  [liculty. In sonic circumstr~riccs, up ($0 

90 p ( ~ i w i i t  o l  111~ radio rmiai ning on ship surfaces lhrce years 
e f t  et’ Iwi tig c~ontnniiiintcd \vas rcwmvnl)lc by vnciium swcoping or 
1)rushing. 

10.17 In ldic even 1 of conlaminntion dric to iwlionctivcly con- 
tnminaictl wnt(.r, Iollowiing nn rintloi~wntcr biirst of an atomic bomb, 
watcr under high prcssurc~ mn be used for removing looscly hold 
coni ainiiiunts (Fig. 10.47). l lowver ,  lhcrc is soinc cvidcnce t h , t  
rntlionctivc dusts, sii(~11 as niight 1)c protliicccl from an underground 
burst or dry fnll-out or inigtit t)c used in rndiologicnl warfare, tcnd to  
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of contaminntion is not t m  scvcrc, then it is probable that, as a result 
of t h ~  op(wit8ioii 01 sc~vc~t~tl Inctors, c. g., dilution by flow, naturnl de- 
cay, ntlsor.ptioi~, c k . ,  tIi(1 wntrr  will notj usually bc rciitlci+cd ririfit for 
consuniption, cw;cpt pcihnps for :L limitccl timc inimcdiatcly following 
thc con t t~ini tmt io 11. 

10.60 In surfaco wnt  crs, radioactive coiitaininnnts will tend to be 
ndsorlml by thr s i ~ s p c ~ i t l ~ l  tLiitl colloiclnl mnttor tlint is invtLriah1y 
p r t v n t .  7'1iis rrirtttcr \vi11 ptirtly set tlc or b~ ndsorhccl by tlir walls 
:inel bot tom oC tJic rcwrvoir. 111 ii1.1x~n wntcr systems radionctivc 
in i t  t c r i d  rst-npirrg wlsorptioii in Ilrc rcservoir itsc.lf may be piclrrtl up 

of 1 L I P  tlisti4)u tion system mhicli usually consist of 
liiglily idsorl)oiit brick o r  ~*ustctl iroii . Wl~rii, in addition, tlic purificn- 
t ioii p r ~ o c ~ s s  iiicliiclcs cwngiiltLtion, setlimcn tatioii ~ i i d  filtration s t t i p s ,  
i t  i s  o s p c ~ l  c d  t lint very lit t k  rnclioact ivc mntcrial will normally rcwAi 
tl1c ('oIIsllI1~cr. 

10.61 I3rcnusc of tlic atlsorptivc propcrt ics ol soil, referred to 
above, iiiitlcrgi~oiiiitl sori IWT of nrntrr tii'c gri~c~idly snf(> froin coritaini- 
riat ion. F o r  i lie stiiiir r~asoii, iiiotl (~ro,tcly drep wAs, oven 11 ridcr 
coiitiiininat ct l  gmriritl, ctm 1)c i i sc t l  ns sources of dt*inlting mntrr,  pro- 
vided surfrtw tl Ininngc~ of  t~oiitnttiiiirttcd inat (tt+d is pi*(wwtccl. 

lf a rcvt-voir or rivw is sci~ioiisly contarninat rd, trnd thc 
W Z L ~ ( T  is iiot s i i  I),jcct c d  to cotrgdri t ioii or iil tral ioii, tis clcscribctl tiI)ovc, 
t l i v  w n k r  iriny hi ii i i f i  t for c*on~uinptioii for scvcrnl clt~ys. [Towovcr, 
]L)cct~iis(~ of (liltit io i i  ant1 tlntiiral t l w t ~ p  of t l i c  ridionctivity, tlrc tlcgt~w 
of  COIL^ :~nii~ir~tio~r will dcctm,sr with Lirnc.. It would bc ~ ~ c c c s w t ~ y ,  in 
cascs oC this Itiiitl, io subjcct tlic wnter to cant-eful rxmiinntiorr for 
raclionctivit y niitl to witliholcl tlic supply iintil it is rcasoiiably safe 
for hunini i  consumption. 1 tJ should b~ rcmcnibcrcd in this conncction 
tlint siiicc t 11c watcr is tnlicii in tcrnnlly, nlplin and beta activity, 
as well as gnnirnn nc+tivity, is important. 

J t i  soirit citics wnLcr is t t t kcn  diimtly from a river and merely 
~hloi i i i t~tr~l  I ) c ~ f o t ~ ~  br.ilig supplirrl for doincstic consuinption. If 110 

n11 ct-ii:~tivc~ s o ~ i r ( ~ ~  of wnt c r  is : ~ ~ ~ i l t ~ b l c  in case of crncrg(~ncy, consitlcra- 
tioii slrorild he givcri to the provision of cationic and anionic exchaiigo 
columns or bccls to 1)c tiscd i f  t he  rcgulnr supply should become con- 
t a m i n t ~ t d  . 11 01iic water softcncrs iiiigli t servo tlic same purpose. 
Tn hospitals :md on sliips sulliciciit watcr for cmcrgrncy purposcs could 
bc obki~icd by distillation. I t  tvas found nt Bikini, foi. cxnmplc, that 
coli tnniiriatcd witrr  wlicri tlist illcd was pci.f(wtly safe lor drinlting 
puiposcs ; thc rad iotict ivc mat r i d  rcmti,ilictl bcliiiid in tlic resitlual 
scnlc and briiir. Lt s l i o i i l d  lw c~niphnsixcd, liowovcr, that inere boiling 
of water coii~niriiiiat cd witL rnclio:ict ivity is of 110 value. 

10.62 

1 O.(iX 
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10.66 The itlwl tlcfciisi. ngt~irist t*ndionrtivc1 cotiinmint~tioti is to  
IISP, w h c t n w  possil)lc, si i  t4:rccs mliicb fir(\ cillici. t*rsistnnt l o  such 
coritnminatioii or from mliicli tlic nctivc mntcrial c~nti he rcndily 
rcmovctl. It lins hocn fotnid,  lor csnnipl(~,  t l i n  t surfnws coatccl with 
cm't tiin plnstice pniiits i ~ r c  rolnt ivc.ly cnsily (lccoiitnniiiin k t l .  
arc lwiiig ir indc to rlnssify tnatcrinls :~ccoiding to tlicir contamination 
arid rlccoi~tnniiuntioii cli,zi*nc~cristics, b u t  it will tic sornc limr bcforc 
n cblrnr untlcrstunding of tlw siil)jcct mii bc ob~tLiticd. In a gencrrtl 
way, liowcvcr, il  ~ a i i  bc stntcd tlint nii ideal siwfncc for the purpose 
in mind shoulcl h t ~ v e  its sprcilic surfnco nrcn, i. e.,  uren pc1. unit] mass. 
porosity, arid clicinicnl arid surfn Thcw 
arc iridicntioiis a~ p r c w r i ~  tlint c~~rtniii matc~i*inls, sudi RS polycthylcnc, 

Atti~rnpt 

wtivity as small ns possiblc. 
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nuti*ition, but more jmportant is the ltnown tendency for kcloid forma- 
tion to occiir among tlic fJrApaIi(w, as n racaial characteristic. Thus, 

ricult~r l~oloids iverc formcd after the hcaling of burns 
produocd in tllc firc raids on Tokyo. 

T h t .  mtirgins of healed flash biirns were usually sharply 
clcliiicd :~nd wore oftcn ncoentiirLtcd by a iiarro~v zone of pigment loss 
in thc ncljnc:rnf, skin. T h o  cdge of tlic SCILI’, liowever, showed a denser 
pigmcntntioii tliut t cutled to fatlo to t i  lighter color toward the center. 
This pigincntat ion is not necessarily an ctfcct peculiar to thermal 
rtiditition, sincar otlicr f’iit*tors, such as iiltruviolct light and certain 
chemicals, r .  g., miislard gas, whicli stimtilat,o tlic pigment layer of the 
skin prodricv similnr rcsults. 

11.13 A form of Il~criiinl rndintion or flash burn, somctirnes 
clistingiiishctl t i s  :I contact L ) i i t ~ i ,  \vas c a i w d  by clt~rlc-colored clothing 
rnnt , r i . i t i ls  lw(-oniiiig hot mid so buriiing i l i c  skin with wliicli tliry were 
in coiitnc*t. This nccoiirits foia tlic fact, nicntioncd in Q 6.55, that wlierc 
biii-ns occLiiiwd tBr~oiigli clottiing, tlic regions involved ivcre thosc 
wlirrc thr clothcs iwrc tightly tliawn over the &in, c. g., t b c  shoulders, 

osrd Lo thcimal mclintion €roin the alomic explosions 
iii Jnpnii was soinctiincis buimcd of1 or s inpd.  Occasionally thc sweat  
gltiiitls niicl h a i r .  follicics wrrc’ i t i j u i w l  o r  tlrstroyod in this innnncr. 
‘I’1~oi.c is 110 tloiibt, t l i i b t  somrtiiric~s t lic cfl’clcts ivcrc duc to  tlic thermal, 
aid not to t h c  1111clrnr, rntliations lor w h t r r  a cap provided a protective 
mcrliuin for tlic Iicntl, t h o  nr*ct~ of  Iiair loss wi~s  rcstrictcd by thc cap. 
If griinina rays lind been rcsponsiblc, tlic cap would, of course, havc 
ofI”m~v1 no protcntion. 

TREATMENT OF BURNS 

I 1.12 

6 I b i *  piwti(~ti1 purposw of (lingnosis arid trcntmcnt, it is not 
n1-y io (list iiigiiisti imoiig burns c$niisrtl by thcrmt~l rrdiution, 

by f l n i ~ ~ ~ ,  01’ IIY (‘otitiic 12 I i  liougli t lirro n I Y I  diUcimccs with rclspcct, 
t o  clst cLllt or M~ involvrd, cI (y t11  of tlw injury to t,h(> skill, arid 

gcnc~nl  rmctions of t l i v  iutlividual to biiriis o f  difforentI types, tlic 
intlicat rcl t r r tLtm(wt lor t)iirns diic to q n  ntnmic rxplosion appcars to tw 
t h e  SILIIIC as for tliosc rticoiuitcrcd i n  lnrgc-scnlc incendiary raids and in 
civil t l is i is t (bis .  Tlir  i i n i q i i o  fclaturc of tlir atomic bomb burns is the 
grcnt, ninn1~~r  of casiinlticis pt-o(liicc~t1 in IL very t r i d  prriod o! tirrio, t,he 
v:iricty of h m s  c ~ n c ~ o i r i i i c ~ r . c ~ t l ,  niitl t h r  widc rnngc of srveiity, dcycnding 
0 1 1  t l ir  (list aiic*c from tlic rxplosion. 

A grrat, dct~l wns lcariird during World War IT concerning 
the t,reatincrit of burns, bui, thc siibjcct is still under investigation and 

1 1 . I6  
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has not yet become stahilizcd. It may be recommended, thcrcforc, 
that until thcrc i s  inore general agreement, t he  incdicnl inon in each 
corninunity should employ the treatment for severe burns which they 
have foound most efricacious. 

OPIIWIALMIC EFFECTS 

11 . I  7 Thc circct of thermal rnrlir~tion on tbc eyes was surprisingly 
small ; cvcn those who loolccd cliiwtly n t  tlic c~xplosions nt, iliroshimn 
m d  NngrLsnki, froin sonic tlislancq of coiirsc, rcyortcd only tcnipornry 
loss of vision. In oiic onsc II paticiil was so blintlctl by tlir R w l i  that, 
lrc was unnblc to rlistingirisli light Doin dark for two clays, but cvcnlu- 
d ly  his ~ ~ x ~ o v c r y  was c+nrnplctr. 

‘l’rinporary blindncss of this lypr inny b e  d u c  to Lwo known 
caiiscs. Ii’iist, tlic iritc~nscl Iiglit rcsults in thc romplctc utilization of 
tlic visual piirplc of tho retitin. I3lindirc~ss will t twii prrsist until siich 
tiiiic, iisiit~lly not  inore tlitm I i d f  ti11 l io i i i - ,  a s  siiIficicmt of this s u b s t i ~ n c ~  
is o i i w  ~rioi*r poclucml to p c b r m i t  vision. Sccoiitl , t~cinpoiwy bliiidricss 
riiay be (Iu(~ to tho focusing of thclr~iit~l, ptwticiilai-ly iiifi.ai*rd, radiation 
on tho retina by thc h i s  of tlic c y .  An c~saniplc o f  this type of injury 
is t l ic  so-ctillotl “ocli psc 1)liiitlric~ss” cspcritwocd from gazing directly 
at thc SltIl. 

11  . I  9 One rrason why thcrc W(I’O r(i1ativoIy frw persons in Japan 
wlio suffcrrtl from bui*ns o l  tlic c~ycbnlls tluc to tlrrrinal rndint ion f r o m  
tlic utomic: bomhs i s  thnt  t l i r  striwt,urc of tlic rye is inorc rcsistmit to 
brat thnn is tlic nvcragc’ skin. Fiirtlirr, in locntions rclativaly iic:~r 
to tlic explosion, wlicrc the m d i s i  t ion w\.ns most i i i t  m s c ,  thcl r cc~~sscd  
position of tho cycs providctl protcrtion from t h r  rays. In addition, 
t l i r  blink rc~flcx of tlic c~yc nc.tc~l as a n  cIfrcct,ivr pro! tivc mcrlinnisrn; 
thci tlici*rnal ixclintion is rriiitt r t l  tliiring n p c ~ i o d  o f  about  :3 srcoricls aiid 
Lhis is quit(. tqprccirhlo crmrparrtl with tlic t h c .  rcqiiii~d to blink. 

11 .18 

B. NUCLEAR IlADIA’l’ION EFFIXTS 

nADIAT’ lON 1NJUItY A N D  RADIATION SICKNESS 

11.20 The injurioiis rflccts of rnclitition from an atomic bomb 
rcprcscnt nn rrsprct 01 an  ntoiiiic rxplosioii which is complctrly uhsrnt 
from convtwtional bomb bursts. For* this reason tlic subject of radi- 
ation sickness will bc disrusscd nt, somr lcrigtli in this book. It slioiild 
be clcarly iiiid~rstootl, liowcvrr, t h n t  t hc  cstrndctl t rcntmciit is riot 
incantJ t,o imply that radiation i s  h c  iiiost important sou rc~  of 



6 Ncutroiis prodiicc w r y  littlc or no ionization directly. IIowover, a:: the rcsult of collisioiis with hydrn- 
gcn nuclei cmtaiircd in thc wiit.cr or othor constituent of lissac, fast iiciitrniis prodriei, rocrril protons which 
causc inii izntion in llrrir paths (d. 5 $1.5). Slow iiculroiis ciin snffrr rarliiitiw calitrlro (5 7.7) by hydrogen 
1111clr4 :ic,r,oniI)aiiir,ri by Llir- imissioii of g;linma rays of about 2.2 Mcv ciicrgy. ‘J’lic litttcr arc cnpablc of 
causing ionization irk llic usual way. 
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tloscs of rntlintioii, nt lcast, 0 . 3  r pcr wrck ( §  8.4), for long prriods of 
tirn(. wi t Iiou t any aplxwrnt htu*mful coiisrqucricm. 

Tlic foi*cgoiiig c.oiisiclc.rntions accoiiritj for tlic noccssity for 
distingrrisliing bctwrrii nc.11 t c (~xposi~rc,  i .  e., owasional large doscs, 
aiid (ahroni(* oxposurc, i.  c., c*or1tiiiurcl cxposuw to small doses, ol  
rtLtlint~iori. As far  as tlrc cfl’ecls ol tlic nlomic bomb arc! coiiccrned, 
the sitiiation is siinplificd b y  llic fact that the  initial nuclear radiations 

cmi tk l  for :L short pcriod, tnkcii as about a rniriutc or so, so that 
c ~ x ~ ~ o s ~ i ~ ~ c i  tjo t,hrsc~ ratlint ions iriny bc rcgarclcd :IS being of t h o  acut c 
typp. On tI1r otliri. hand, tlic rrsitlnal racliations, due to fission prod- 
ucts, rtc. ,  would rrprcscnt n chronic. lmznrd, cithcr ns intcrnnl or 
cxtc~iial rndi a t’ 1011. 

Scwiusc~ lr~rgc acute tloscs lmvc been accepted by human 
brings only as a result of acciclcrits of one kind or aiiothcr, it is not 
possible to stalc tldinitcly thu t n particular amount  of radiation will 
l iavr wrtoiii consrquriiccs. Ncvcrthclcss, from cxpci.imcnts with ani- 
mals, whosc sensitivity to radintioii ralativc to thnt of human beings 
litis 1)ccw studictl, cbcrttLiii gcricid conclusions have bccn drawn. These 
cni i i io~  b ( h  rxnct, iii any w o n t ,  since tlrcrc :we marked variations among 
iiuliviclitnls insofar :is scwsilivity to radintiou is oonccrned. Thc re- 
sults givcw in ‘I‘nblc I I .28 rnay tlicrcforc be ~cgardctl as an npproxi- 

TAHI.IC I 1.28 

11.27 

11.28 

PlLOl3AUI,R lCA111,Y 1!3~’1~’JCC‘l’S OD’ ACJUTI(: R A D I A T I O N  I$OSl<S OVER 
wI-IoI,I~: 1301)Y 

N o  obvioiis injury. 
1’ossit)lc blood cliariges bu t  110 serious injury. 
I3lootl-ccll clinngcs, some ixijiily, no disal~ilii,y. 
Jujiiry, possildc tlisaliility. 
Injury slid disability certain, death possible. 
l h i  al to 5 0  percclll. 
Val nl. 

I’robnble effect  



11.29 Bccaiisc. of the  vai‘intions among indivitlusls, it appears 
that an ncutr dosc cxc-crding 200 1’ may provc Istal to a human bcing, 
tlir pi-obn tdity incarcasing with thc dosngc. ‘l’hc gcncral variation of 
the survival raic willi closngc for rabbits m c l  rtits is rcprcseritcd in 
Fig. 11.29, and frxxn tlic results the corrrspouding CUI’VC, shown clot tctl, 
for human brings has 1)reri iriTcrrrtl. I I, wottlcl appcvir that an acutc 
tlostb of 200 r woidd piwvr f a t a l  to about 5 pcrwnL of tliosc cxposcd, 
wliilo an t h o s t  ctqunl pi*oport ion woultl hc cxpcwtctl to survive a doso 
of 600 r. 

o 100 200 300 400 500 6 0 0  700 EGO 900 loon 
D O S E  I N  R O E N T G E N S  

Pigurc 1 1.29. I’erccntagc survival a s  function of ~ c l t t e  mtlirtLioll tlosagc. 

11.30 Most of tJic vic*tims of t h v  inithl nuclear radiations from tbe 
atomic bombings ol J n p : i r i  wrre rxposcd over n large part of their 
bodies, sinco c.lotlics aro no prokction against gnmms rays. From 
thc observations mtdo, niucli inFormation has bccn obtained conccm- 
ing the symptoms and dcvrlopincnt of rticliation sickness of diil‘crcrit 
drgrocs of scvcrity. Poi* co~~vr~iiciicc, tlic description given herc will 
i - c f w  to three main tlrgrtvs ol  c~xposur~c~ within >I, short pcriod o i  tinic.8 
T h y  am: (a )  lrtlinl (Iosr, i. e., about, 600 r or inorc’, which is fntsl in 
ncarly a11 C:LS(IS willriri Z wc&s of cxposurc; (6) rneclian lctlial dose, 
i. e. ,  ahouL 400 I’, wsulting in  tlr:illi lo 50 pcrccnl of tho  paLients from 
2 to 12 woclis aftci’ cixposiii’o; and (c) moclwatc dose, i. e., from 100 
t o  300 r, which is gcnci-ally noL fntul. 

I t  may bc mt~ntionc~tl t l i t b t  in Japan draths from radisLion, 
in tdiosc protrctctl irom hl:~st, and l)urns, brgun about a wcck afLcr 
cxposurr m t l  reac~lictl :L prnlc i n  :< to 4 wccks; tlirso wcrc probably the 

11.31 



individiinls mlio lint1 rccncivcd doses ol more t h n n  about, 400 r. Sub- 
scquriitly, tlic t l ( h n t l i  t.:ilo tlecnlinctl, tilid t m u m o  very small after about 
8 WC~C~lCS. 

C. CLINICAL SYN1)ROMIC OF KADIAT~0N SICKNESS 
(ACUl’K lIAl>IATION SYNUROM E) 

L15‘rIIhi 1 11 os 1c 
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soinc stiiliing (-iinriges in tlic blood of tlic pnticnL, Lo which rcl‘crcncc 
will bc 11iadc t)clow. 

MEDIAN TACTIIAL DOSE 
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No ilcflnilc syiriptoms. 
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11  .XI Wliiltl lit tlc of n sprrifit- nntiirc (+a11 t)c doric in thc  trcntmcnt 
of' i~~rlintion sicliiicss mlicro t h r  r i t x t r  closr is GOO I' or more, tlicrc is a 
possibility that  ~vlici~c thc  tlosc. is slnnllrr, pnrticulnrly 400 r or less, 
mtuiy livcbs t m  1)c snvrtl with proprr trcntmcrit. lmmcdintc hospi- 
tnlimtion, so ns to irisiirc cvrnplctc rest, arid avoiclnncc oi  chills and 
fntigrir, is :in cssriitial first stc>p. WIiol(~ blood translusion s2iould 1)c 
givcm, as rcqiiirctl , imtil tdic boiir inarrow h n s  lind tirnc to  rcgcncrntc 
and pro(1 ucc blood cc~lls. A t 1  cqiintc noui-islirncnt coiild bc provided 
by intrn vcnoiis fcctling to siipply Ilic ~icccssnry siigars, protcins, 

ion rriny 1x1 coiitroll(d hy tlic usc of penicillin 
a n d  otlirr ni~t,il)io~lic~s. 'l'lic n l i o l ~  siibjcct of ixtlirLtiori sit*kucss is 
being givm intc~ixhc study, ant1 iinpo~tan t nclvnuccs in its treatment 
may bc cxpcctccl. 

D. PATI-lOT,OGY 01' RA1)IATION SICIWESS 
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rniLtrimnls hnvc a high scmit ivity. In gcnoral, it is the nucleus of the 
cdl wliicli i*racts to  idintioii, rvlicrcas ilic cytoplasm is notj so sensitive. 
l I v i i c ~ ,  n largo c ~ l l  with miicli (bytoplasm, sitcli t is  t l i c  giant ameba, is 

tl 1)y rntlintiori, but ti srririll cdl contninitig n largo 
percciitrigc of nucnlrnr m i  t w i n  I will bc scuritivc. Rctpiclly multiplying 
or  actively rcprorliiciiig ~ ~ ~ 1 1 s  n i ~  on tlic whole inore idiosensitivc than 
arc tliosc in a, mow ciuiosoerit st,ato. 

Of tlic more (wriitnoii tissucs, llic rndioseiisitivity decreases 
in the following oitlc~.: lyiiiplioitl t issuc aiitl bonc marrow; epithclial 
cclls (tmi cs nntl ovaries, snlivaty gl:~ntls, slriri nrid miicous membrane) ; 
c~nilotliclial cclls of bloocl vcsscls aiitl pc~iitoiicuin; connective tissue 
cclls; niusclc cdls, boric wlls; t i n t 1  t ~ c ~ r v t ~  cc~lls. 'I'hc t)diavior of some 
of thew tisstics uiiclcr tlic i nllucncc of rtitliution is outlincd below. 

LYMPIIOIII TISSUE 

11.59 

11.54 Tlic lymphoid lissuc is the tissue. ch aractcristic of lymph 
glaiicls, toiisils, ntlciioitls, splc(~n, atid cci.tniri wens of the intestinal 
lining. I~yinpli glziricls, ind in vnrious p f ~ r t s  of tlit. body, are round- 
ed rn:issw of ly~npliojtl 1 uc; t1ic.y wc riot true glnnds, b u t  a iictworlc 
of cwiiicctivc tissiicl ii in thc meslics of which tire sinall, round 
lyinplioid c~~l l s  linvitig wlnt ivcly lnigc, roiiricl, deeply-staining iiiiclci. 
'I'lic~st: c'cIls, w h i  I n t i  t urc, n i ~ t  o t i rr i cd  ofl' by the lyiripli lluid, flowing 
through t h ( h  glsntl, : L n d  ljccmtic thc l~mipl1oc~7t(1 coiistituciit of the ;Lvhite 
blood ( ~ 4 s .  As intlic-at ccl in  tlic Imwxling pni-agi~npli, the lymphoid 
tissao is tlic most t~adiosctisitivo of all tissi1c.s. 

1 1.55 llyinplioid cclls t t i ~ :  irijurctl or liillcd when the tissiic is 
ion. Microscopic e x a r n i ~ i t i h ~  shows dcgcn~ra live 
stic of c ~ > l l  tlc3aL1i ; tlic iiiiclci rrir~y s tzh  dccpcr ant1 
t l  tlicrc tnny br vacuoles in the t~ytoplasm. Tho 

dcgciicrcitioii of lyiriplioitl t 11~1, iiiclutliiig tlic foixinhn of cells of 
at)trorinal types, WIS a11 oritstniitliiig yhciiornciioii in the vivtirris of 
thc nlomic 1)oiril)s in c J t i p n ~ ~  nritl in  die mimds c x ~ ~ o s c d  nt Uilcini. 

Lhrringc to lyniplioid cbclls accounts for tlic clccrcase in tlia 
num1)cr of l,yriiplioc~,ytcs in tlic blood, for tlic rncliation not  only 
dnmagos the lyinphoc,yt,c-pi.adtic~ii~ tissnc, bu t il ttlso I d s  or in jures 
tbe c~>lls witliiti t h o  hloocl. pews to bc cstrLblishcd with somo 
wrtttinty tlitLt if no drop is d c  blc in thr total riiiinbcr- oI lympho- 
cytes wilhiii 72 hours of csposiirc~ to i-ndiation, tlic dose has been too 
sinnll to  cniisc serious illncw. 11 is of i1itcrc~st to iiotc that ii" rcc*ovc~ry 
from rndiatioti sickurss is to  Inkr place, thc lytnphocytcs arc tlic 
first c ~ l l s  to slioivs signs of ix~goiicmLioii, 11s itidicittod by an increase 
of i,licir tinmbci. in tlic blood. 

1 l.5(i 
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to complrt e dcslruvtion of tlic sltjii, clcpcnding 011 the dosc absorbed. 
Evcn mild rlosrs may result in dclaycd dcgcnorutivc changes o€ the 
skin. Whew tlw Iiancls liavc bccii cxposccl to largo amounts of bota 
racliation, thcy bccornc swollen within n Cow days arid this is Iollowcd 
by rcddming o l  tlic skin. flcmorrhngcs dcvclop in the superficial 
tissiiv oC tlic cxposcd wgioii, tlic npprnrnncc being similw to n bruisc. 
Sii1)srq ric~ntly, l:ii*gc l)list,crs foim, bccomc corifliirnt,, aucl fhnlly turn 
int,o n sloiigli, swrrtil \vcclts lwing rcqiiirctl for tho damage. to  roach. 
n ninximuni. U’rilcss thr txposurc of tlic 1)ocly to h t n  pni~iJich lias 
brcn cbxt ciisivc, 110 gcnci~dincd illiic~ss, i. (’., i d i a t i o n  sicliricss, is 
nssocint r t l  with tlic sltiii i tijn1.ic.s. 

(:ILIILIIIII r t ~ y s  tii*c’, ns sccw cnrlicr, inucli more pciictrating 
t h n r i  brtn ptit*1ivlrs, for llicy arc, in h c l ,  identical with X-rays of 
short wnvc Ic~ngtlis. ‘I’lirso rays thus constitiit e tlic most important 
typr  of rxtrriitil i w l i n t  ion. ‘l’lic csicnt to wliicli gnininn rays can 

tlic I)ody d c p ~ ~ i d s  011 thr cnoigy 0 1  the  photon. It will be 
II ~lris conncvbtioii, ( l i n t  thr inraii ciieiyg of Llic gamma ray 

pliotoiis II.olrl tlic initid iniclcni. m-linliotis, is about 3 Mcv ( 5  7.44), 
conipni.rcI wit I i  a1)o 11 t 0.7 i\ I cv Co I *  t he rcsi el iial iiuclcas d i n t l i o n s  
( 5  8.1 1 )  ; l hc  former. tire I~hus Iiighly pc~iiolrt~ling. 11 is of interest to 
not I’ that, in J i i p n i i ,  whcrc~ tlir rtidintioii iTijiirics and radiation sicltncss 
wcrc d i i c  rntircly to tlic initial raciintions, the serious damage was 
mainly of n tlcvp-scatcd cliaractci.. For rcnsoiis tihcady givcii, it is 
urilikcly that innriy i idividunls will rminiii in n contnlninn 
long c~noiigli, Eollowiiig t ~ i i  tLtoIiiic cxplosioii, to accwinulatr n tlarigcrous 
dosc of rxtc\rnnl rtidiiLf iori duo to rcsitlunl garnrnn rays. 

‘I’m littlc is lmown of tlic cumulative cflccts of moderate 
but coiiliiiiicd, i. e., cliroiiic, doscs of radiation, such ns would bc 
nbsorbctl in t i  coii tnrniiintrtl n r r n ,  to pwini t an npproxirnatc~ estimate 
to 1)c mntlc of stifc Icvcls. All that cnti I)(\ snicl is that pcirsons who 
have rccrivcd up to 0.1 r daily for ycnrs liavc shown 110 ill cllects. 
Laigci~ doses iriny linve to bc Inkon in casos of cmcrgcncy, but, it 
would bc inndvisnblc to do so at frequent intcrvnls. I n  goncral, the 
clinical symptoms aiicl pn tdiologicnl climiges due to cl-ironic doses o€ 
rntlintioii over tlic ~vliolc or  n lnigc part of the body, inay be expected 
to bc similar to tlioso for nciitc doses, t h  dcgrcc of severity dcpcnd- 
ing 011 tlic dosngc rntcs and tlic total nccmnulatcd closc. 

1 I .79 

11.80 

I 1.81 ‘I’lic clianccs o l  radioactive mntwiul entering the system 
following nil atomic cxplosioii arc bclicvcd to bo cxt,rcmcly small. 
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'l'lius, no form of illucss or injiti-y due to intrr.na1 radiation has heon I'C- 

p o r i d  following tlrc lrigli air bursts nt Zlirosliiinn arid Nagasaki. Evcn 
whcn t1ici.c is (~oiisidcrti1)lc coirtniniiintion oE tlic grouizd, due to  fission 
products, plutoiiiinn or iir~~iiiiini, it would bc n matter of grcat diEiculi,y 
101- t ~ i i  apprccitd)lc qiimi,ity i o  e1itc.r tlic blood stt-cain. Although the 
amounts ol' ksion p~*oclucts, for (~satizpl(~, that must be fixed within 
thc body l o  ~ ~ r o d i i c c  iirj urious dl' s t ~ w  minutt:, in comparison wit11 
tlic quaiit itics iicccrsnry to ciiiis(\ riiage by cxtc~rnal beta or gamina 
mclintiorr, it is lwlicvccl that, following mi alomic cxplosion, tlic inlcrrinl 
lit~mrtl will br sigiiificant only wliilr tlic estct*iial Iiaxard exists. In  
ot,lic\r ~ r d ~ ,  i f  in  ti given t ~ r c n  tlic dosagc due to clxt,ernal radiation 
is down t,o ii snl'c lcvd, tlirrcl nill, in goncral, be littlc, if auy, clangor 
ol c~iiouglr radioactivc iniitc1ri:ll lwirig f i x d  it1 t h c h  systcm for it to 
constiixto an int(~ii t~1 lrnmwd. 111 view of tlicw circiirnst aiic('s, brief 
~~cIci~cucc only tied be inidc i o  tlic stibjc1c.t of iiitct.iinl i~~tliatioii as- 
sociatml with an ntmnic cxplosion. 

1 1.82 'l'li(x clic~tnicd chnrwi  rristics o€ llic radioactive material 
w'tricli cnt crs tho body arc important,, for thcsc will dctcrminc whcrc 
a pai.ticiila~' slw(:ic1s will be drpositcrl. Jiadioactivc isoi,opos will 
lollow tlir s:mc mettholie procc~sscs as the iiat,urally occui-ving in- 
notivc isot o p ~ s  of t1w sniric c~lcizic~it s, but nn d r m m t  riot otherwise 
fouiitl in thc body will tend to  follow tlrc nic~tabolic: pattlorn of ono 
with sirnilnt- clrciuicnl prop(3rt icls Llinl is iiormnlly prcscwt. Thus 
btwiii i n ,  strontium, m t l  ratliiiin, wliidi iirc :~rit~logous clirmically tJo 
cdciuin, mill l w  tlcpositcd in t l ic  1 ) o i i ~ .  

'/'lie h a z n r d  r ( y r c s e ~ i t ( ~ ~  hy a pxrtiouhr iiigc~s1,c.d rdionctivc 
subst,iince will drp(wd 011 i soliibili I y , ch crrii c r~ l  p ropcrt i cs, physical 
stt i tc, ctc., lor tlwso will cl rminc liow much will be a1)sorbed from 
tlir giistr.o-inicstirrri1 i m c t .  It slioultl bo uotctl t h t  iu ortlcr to con- 
stitlit (' t i n  iiii orrial i d i t~ t ion  litmird, tlic active imtcrials must gain 
~ C C P S S  t,o tlic cii-culnting blood, froin wliicli tlicy can be depositocl in 
idle boiics, liver, splc(w, otc. 'I'li~is, Cor all prwticul purposes, wliilc 
tho  radioactive su1)sLriirccs arc in tlic stornacli rmd in tcstincs, they 
arc esscnilirdly a so~irc(\ of cbxtci-nnl, rather than intcmal, imli a t '  ,ion. 

'l'lic cstciit of absorption is drpmdcirt oii the chemical Iorm 
of tin clement, and it is fortunate t l int  most of ihc ijssion products, 
which arc mainly p r e s e n t  us oxiclcs aftcxr an ntoriiic explosion ( 5  2 . 2 3 ) ,  
arc nlniost insoluble in tlic body fluids. Tlic same would hc truc for 
tlrc oxides 01 the uranium or plutonium which hac1 cscapctl fission in 
tlie bomb. Tho oxides of cesium and bnriurn arc, of course, soluble 
in water, arid such iodinc as niight bc prcseiit would also bo largely 
in n soluble form. 

1 1 .83 

11.84 
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pass t11i.oiigli or nccurnulntc in Lhc lridncy, this organ seems to bc 
exceptionally resistant to thc action oI radiation. 

l ’ l~c  lymphocytcs of tlic ldood hnvcl bccn found to bo scnsi- 
tivc to intorim1 r~edintioii, tis also wr thc cnrlv rcd cclls (erythroblasts). 
Almostj iiivnrinl)ly, tlic dcposition of m y  rndioclcmrnt in bone results 
in dmiagc to tlic blood-forining tissur, with a conscqucnl reduction 
in tlic coiistituwt cclls of the blood. ‘I’lic most scnsiLivc inclicntion 
of ncutc  01’ nonr-tecutc cflccts of n fission product, irrcsprctivc oi“ 
wlictlio~~ it is locttlixcd in bone or gencrnlly distributed, is thc rcduction 
in L l i ~  ririmbcr of lyiiipliocytcs. 

On(. ol thc Wlicst systcmir cffcchs of a relatively largr dose 
of intc~riid r-adintion would bc n reduc*tion in the numbci- of white and 
iwl blood cclls. ‘l’liis woultl br ussocintrd with c>xtrcmc wcuknrss and 
anrmin. hlnlignnnt grom tlis rnny subscqucntly dcvclop in thosc rc- 
gioris mlic>t.c. t he  i.ntlioac~tivc mntcriul lras c.oncciiti*ntcd. TL may br 
n~critioncrl i lini iio form of iiitcrnnl i.nclir~tion illiicss ]ins hccn ohsrrvcd 
as n rcsult, of ti11 ntornic cqlosion; tlw cffcots described sbovo have 
1)rcii tlcrivc~l itom ariimnl cxpci-inicnts. 

I’hitoiiirini compoii~icls tcrirl to concciitratc in thc livcr and 
splrcn, nntl nlso 011 cwtnin surfacrs of bone, pnrLiculnrly tlir I X T ’  ’ -10s- 

t(wrn, tlic rndostmm, t~nd thc covcrings of tho tmbcculae of the bones 
(lcig. 1 1  .go). I n  spitx of tlirir- short imgc ,  tho cwntiiiucd nctiori of 
th(1 nlp111e partic-lcs, dur to thc long hiological half-lifc o l  plutonium, 
C~LIIS(’S SCVCIY’ tlnmfigc to thsncs, snch ns tho  marrow niid tlic splccn, 
w l i c r ~ .  v t~  rioiis blood colls nro formrd . 

qiinniity of plutonium whic41 rnny bc fixctl in thc  body is tnlrcn to be 
tlir cxti~cnicly small rtmoiint of 0.5 mirrogrnin, i. c., fiw ten-millionths 
of n grnm, for nri nvcrngc ndult. This figure nndoubtcdly rc.prrseritls a 
vcry consrrvntivc. cstirnatr and involvcs a lnrgc Inctor of safcty. 
As :I rcwilt, of long c~xprrioncc~ with raditim, which is an nlplin cmittcr, 
t h ~  mnximuni wciglit of {his clrinerit that  can be snfcly hrltl in Lhc 
h l y  is wrll knowii and, p ~ r ~ l l y  on thc h i s  of thc rat(. of cncrgy 
absorption from 111 r nlp l~ t i  pnrtic*lcs, 1 hc corresponding qiinn tit,y or 
plut onirrin woiiltl lw 5 microgi,nms. Thc prcsrnw of 40 micrograms in 
tliv hotly woultl bc rlniig(>t*ons, arid IO0 microgrnms might bc l’ntnl. 
1 Iowcvcr, as lins becn stntctl cnr1ic.r in this book, it, is only u n d ( ~  ccr- 
t nin miespc(~t,cd contlitions that, plutoniiim is likely to constitutc mi 
impoi*t:iiit 1inz;lirtI following an atomic bomb explosion. T n  most 
cascbs, tb(1 tlrengcr duc to this elcmcnt cnn be ignored, compared with 
that chic to fission procliicts, for n period oI nt least two months, in 

1 I .I)l 

11.92 

I I .I):< 

I 1 .94 For norinn1 prrLcrtimr worlring conditions, tbc pcrmissiblc ‘ 
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any cvcnt. By this tiino, it may bo prcsumcd that an inhabited lo- 
cality will have bcrn largely decontaminated. 

11.05 Urnniirin 235 llas ti mucli longer I d  lifc tlinii plutonium 
( 5  1.18), and so a givcii weight of tlic formerb expels alpha particles 
at a much slower rate than an cqiinl wiglit of the 1nLtcr. For Lliis 
reason, and also because it, dors not teiid t o  coiicciitratc in the body, 
uranium docs not iiccd to bc considcrcd a radiological hazard. Al- 
though uranium i s  also a cbcrnicnl poison, i t  is highly improbable 
that sulhcient ninoiiiits could 1)c absorbrtl in the body following an 
atomic explosion to liavc any toxic effects. 

F. GENETIC J'12Fl<CTS OF RADIATION 

11.96 Rccwisc of the possihlc importniicr of the subject for tlhc 
fu  turc of the hiimnri race, no tiiscussion of rntliatiori injury would he 
complete witliont mciitioii o l  tli(\ gcwctic cffccts. These cfi'ccts may 
cliff cr froin most, othci. c1rnii~;c~s producctl by rntliation insofar as they 
arc bclicvcd to 1w crirnulntivv niid to bc. npprosimntc\ly indcpendcnt of 
the dosage rate, or, wittiiii liniils, of the\ rnrt*gy 01 tlic mclialioii. 

rn goiici*nl, it may 1x1 stntct l  that, x gcnr is u unit, present 
in the chroi1ios0mcs o l  a cell, wliic-li cwi-irs JiciwliLtwy chaructcristics. 
Genes rnny bc dominant or r*rccssivc. Recessive gcnrs must  bo (wried 
by both parcnts if thcx pnrticitltir charnctci*istica is to appc'ar in t ho  
ofl'spring, butj in tliv case o l  n tloniinnnt gwr ,  the characteristic will 
he oviclcnt in t h e  next grnclt*:iLioii cvcii if it  is cwrictl by only one 
parcnt. Mutntions arc vnriat ions i'roni noimnl within the gcn(', and 
may be citEic>r dclci orious or bcndicid.  T h ~ y  may o w ~ i r  nnturt~lly or 
t h y  can bc produc I by  ccrtnin c.licmic*nls, and, in pttrticulnr, b y  iwlia- 
tioii. Sincc it nectls to be pr(wuL in only one parent,, a mutation in a 
dominant gent c a ~ i  bo dctcctcti in the subscquciit gciieratioii, but 
recessive muta tioiis, which must occur in both paxiits, may pass 
undetected for inany generations. Excqtions to this rule arc providod 
by the sex-linked gciirs cui~iccl by thc female sex cell. Bccaiisc the 
malo docs not carry a siiiiilar gym(', the  mutations of such gciics always 
act as doininaiit in the mnlc, though rcccssivc in ttio fcmulc, and will 
bo appwcnt in the malcs of t h r  iirst gcm~ratiou." 

I t  wns tliscovri~cd i t i  1927 that t h r  rate of mutation in the 
fruit, lly c.oulc1 bc incrrnsrtl by in(wiis of S-J.~L~ dosages o l  t h e  orclrr of 

11.97 

11.98 
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PROTECTION OF PERSONNEL 
A. INTRODUCTION 

12.1 T n  tlic prccdiiig cliy~tc.rs of this book the destructive cflccts 
of n n  atomic born b linvo bccn tlrscribccl ar id  cliscusscd. These cfl’ccts 
jnclutlo (lamago clue lo air Must, ground niid wa tcr shock, thcrmnl 
~.r~cIintiori, iriit i d  iiuclcai. rrrtliations, niid i*csiclual nuclcar ra clintions. 
In  addition, cstciisivc firc’s, due  to various sccondary causes, will 
foilow tlic atomic c~xplosion. l’ortutiatcly, thc situatioii us regards 
~~i~otcction from tliesc I inmii*tIs ,  althougIr by no means simple, is riot 
tis cwttiplcx ns tdic existciicc of so inariy tlangrr factors would imply. 
111 gt~i1cr:11, it, a.ppc:irs tliiLt pro11ci* protection ngaiiist blast, shock 
niid fir(. tl:Lm:Lgc, coiiltl also niiniinizc thc daiigcr to pcrsonnol from 
1iicrmal rndiritioii ant1 tlic initial nnc+lcn~- railiat,ions. 

As far ns bnriiing cnuuscd by thermal radiation is concerned, 
the csscntinl points arc protcrIion from tlircc$ exposure for human 
kwiiigs ni i t l  the nvoitlniiw of cnsily corn bnst iblc matc~rials, cspctdly 
n ( w ~  windows. ‘l’lir only liiiown tlcfciisc against tho gamnm rays and 
neutrons rotist itiitiiig t l i c  initial Iiiicll(w. rtitlialioii is tho int,ci*position 
ol a sufliciclrit Intiss of inntc.i*inl I)rtwct~ii the iiitlivitluai and tlir ntoinic 
1)oin1), iiic~lacliiig the risiug ball of iirc. ‘L’lw iisc of concrctc as a coil- 
struction innlci-id, w1rit.h is nctmsnry to rctluc-e air-blast arid ground- 
slioclc dmiagc, will, to a grcat extent, decrease the initial radia- 
tion 11 n zaril. 

Yroin the sLandpoint of physic.al tlnmagc, tltc problems of 
coustructioii m t l  pi.otcction from tttoinic bombs t ~ r c  not fundnrnciitally 
dif l ’ tw~ii t  f‘rotn tiiosc tmso(-iatctl with bombs of tho corivcntionul type. 
1 t slioultl IIOO bo forgot ten, 1iowcvcr, tlint tlic i‘ormcr arc cnorrnously 
riior(1 powc~fiil, ant1 t l i r  tlnningc will covt’r an cxtcrisiva arcn, probably 
s t ~ t d  sqiiaro n d r s  (Fig, 12.3). ‘I’lioso facts arc irnportunt in con- 
net-tion with plnritiing for. coutrd of firo-fighting nncl  rcscuc oporutions. 

12.4 An atlcinpt to i n t l i t *  t h o  mngiiitutlc of the conscquences 
of tho c~xplosion of :I, iiorniiiiil nit. bomb is illitstratctl in Figs. 12.4a, 

’ 

12.2 

12.3 

liilrillctl hy 1’: A flcmi\, S C:liiastone, .I 0. IIiisclifrltlci, ct. M. Lyon, S. D. S1riltI1, W. IC. 
Stiopc,  I) M’ SwecIicy, ‘I’ N. \Vliitc. 

366 



IN‘I’RODIJCTION 367 



308 PRO'I'I~:C~'lYON OF PEIZSONNEL 

--I L I M I T  OF VIRTUALLY COMPLETE 

I_- L I M I T  OF SEVERE DAMAGE.  
--- L I M I T  OF MODERATE DAMAGE. 
- L I M I T  OF PARTIAL DAMAGE. 

DE S TR U C T I 0 N . 
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--- L I N E  OF 5 0  % MORTALITY ( 4 0 0 r  ). 
- L I M I T  OF DANGEROUS EXTERNAL 

RADIATION ( 100 r ) .  

ll'igiirc 12.41,. ITyl)otliot,icnl citg slio\viila :qil)rorirn:Ltc liinits oC iiiitial niiclcw 
rst1i:itioii (1os:agc:s t l i ic!  to :LII air 1)iirst. 
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--- LIMIT OF INCENDIARY ACTION. - LIMIT OF MODERATE SKIN BURNS. 

ITyl~otlictical city bliowiiig apl)roximntc liniits of effects of thcrinal I+’igiiro 1 2 . 4 ~ .  
r,ztlintion froin a11 air l)urst. 

norninal ntmnic bornl) of 20 kilotmns T N T  cwrrgy cquivnlont. In 
t h o  cvciit of a bomb of tlifl’cwiit cwct.g:.y hciiig iisccl the rcsults woiild, 
of coiimc, be clillcrcwt. Soiiic itlrn oC i,ho changes can be obtained 
by incans of t h o  various scaling laws which arc siiininarizcd bclow in 
Fig. 12.13. 

~tADIOLOGICA1,  I<IWlCC‘l% 

12.7 ProtccLion from Llic cll’rcts 01 rndioactivo contamination 
Tho prescrits a probiriri that IIZIS iiot prwiously brcn cncouiitcrecl. 



INTRODUCTION 371 
rcsuIts of blast and li1.c arc visibIc and cnii gcncrnlly be controlled 
in n rclativc~ly short poi*iotl lollowing nn csplosion. But nuclonr 
radiation caiinot bo clctoctcd by Lhc sciiscs, without the use of inslau- 

--I LIMIT OF VfRTUALLY COMPLETE 

- LIMIT OF SEVERE DAMAGE, 
--- LIMIT OF MODERATE DAMAGE. 
- LIMIT OF PARTIAL DAMAGE. 

DESTRUCTION. 

P’igilre 12.4d. Hypotlicticnl rity sllowing nliprouiinnte limits of damagc duo to  
air blnht froti) L L I ~  ~~lt lcr \ \mtcr  h rs t .  



12.9 ('orisiderntion of tlic 11iorc dnistic iticasiircs which might he 
tjstkcii to rniriirriisc darriagc €rom atomic wc~pons ,  such as dispcrsion 
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13. 1’1107’l1:CTION AGAINST DAMAGE 
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12.28 Ccrtniii sttwctiires, which nro conccrnctl with osscntizll 
i n c l  ttstricil piutluclion or I L ~ O  used Cor important military purposes, 
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12.42 As iiotcd in Clrnp1w V1, iiws cluc t,o an  nlornic cxplosion a rc  
s t n i k d  by ra(linnt hc:~ t (thcrin:Ll rntliation) arid by sccoridary cil'cvAs, 
such as ovoi.tu t~iiiig s t o w s  aiicl Eiirnnc~s,  iwptiirc of gas pipcs, ctc. 
Firc-rcsistivc construction and avoidmcc of Iuhrics and other light 
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4 02 APPENDIX A 

A.2 I I t]hc structum undcr considrmtion is ol  the siinplc single-story 
type, siwh as inn9 ljc c~tirounlc~rc~d ii i  t i  p o ~ v ~ ~ * I r o i i s c  or similar hnilcliiig, 
tlicn as n first npproxirttntioii its bc lm~ i o i s  t is n wtiolc, iicglocting dcinilctl 
failures, may ropwsciitccl by n rriodcl consisting of n single con- 
c:oiitrntcd muss supportod OIL IL pliistic spring ~ L S  in Fig. A.2. II the 

(A.2.l)  

(A.3.1) 



+ 
"2 + I  t 

0 

FO] (1 t , (A.4.1) 

(A. 4 * 2)  

I A grnpbicnl iiit(yy.ntioii of tlic qti:intity of nr [Ap(t)-FO] as n €iinction 
of tirnc will rcwilL in a grnpli of vclocity us u function oi timc similar 
to  Vig. A.4. 

A grap1iic:il ir i tcgi~~tioii  of tlrc vtblocity ns n friiiction of tirnc 
mill givr tlic c l i s i~ l~~(~(~ i~ i ( i i i t  of tliv cwitcr of Inass of tlic structure 
as in Fig. A.5. T h e  innsirriirm v d u o  of tlic displncc~mcnt 5, mill be 
tlic qunntity of intcrcsl indicntivc of the deformation and, con- 
scq ucnt ly, ol' the  dcgrec. o i  clnmngc sufl'crcd by thc structure. 

'I'his gcncral nirtJiot1 is npplicd to  :I builtling of thc rxtcrior 
cliincrisions disctissccl iii Chuptcr V brit at  a sligli tly incrcasctl distaricc 

h.3 

11.6 
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Ji'ignrc h.7. Vclocily of ociiI.cr of tiiass its function of time. 

xm=J;? vtlt. (A.8.1) 

The maximum valuc of the displaceimcnt, x,, oI llie ccnlcr OI gravity 
of thr builtling is foiiiid Lo 1)c 0.88 foot (Pig. A.8). If tlic cmter of 

gravity WPI'C n t  the wntw of tlic building thrn t l i c  tlisplac~c~m~nL at, 
tlic top worlltl be rtpprosiitmt caly 1.76 Tccl. 'Phis rough cr~loulntion is 
of limit cd practical vnliic hi t  is illustrntivc of thc inclhods involved 
in the andysis of a model involving plastic ilow. 

A more prrcisc pro(~xl~i re applicable Lo a complex structure, 
such ns n multistory buildiirg, woiiltl bc to cousi(lci* tho tlyiinmic loads 
as applictl n t  Llooi. Icvcls riiitl tlic Imisscs LO be concc~irli~atctl at ttic 

h . 9  



same points. Tl io  Eorccs r(\sist,ing shctir in cnoh story would be cnl- 

The structurc tlicii is rcpwscntctl by :L inoclcl as in Fig. A.9, wlicrc 
culntcd ill tlc~rlns of I~cl t l t ivc tlis~~l:lc~clilc~l~ts of t h  floor n1>ovc : L n d  bclow. 
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AN APPROXIMBTE METliOD OF COMPUTING DEFORMATION 409 

thc momentum as a function of time m c l  so would allow the maximum 
tlcAccl,ion to bo coinpu tccl in tlic snine rnnrinor as boforc. 

t '2 

Il'igurc A. 12n. Forcc as function of Figiirc A. 12b. Prcssurc ant1 forco ns 
l i i i i c .  Cuiid,ions of time. 



2 ,004 ,006 ,008 . 
8 (in./in,) 



:m[TJ-j- 
2 

0 - 
0 2 4 6 8 IO I2 14 16 I8 20 
COMMON TIME SCALE IN MILLISECONDS 

~~ 

COMMON TIME SCALE IN MILLISECONDS 



412 APPllN1)IX B 





41 4 Al’PJiSDIS I3 



- - _____ 
rc (Inax.) k (w.) 

____. ______ 

1, 700 800 
2, 500 2, 000 
!), on0 6, 100 

20, 000 15, 000 
150,000 100,000 



41G AP1’II;NI)IX 13 

- --I pv2 ,  
25 (B.14.1) 

wlicrc IC is ttir soil consinnt in pountls prr sq1ini.c inch, p is the dcrisit y 
of the soil iii poarrtls p(lr cubic inch tlividccl b,y 384 inc:lics pcr sccontl 2 ,  

ctrttl o is tlrr velocity ol  thc seismic wnvc in inc:lics per sccorid (384 
inclrrs per scw)ntl 

‘I’(rsts in t tic fivltl 1inr.c sliown t l i t ~ t  tlic pcnlc prcssurc cxcrtcd 
n g r i i i i s t ~  II intissivc. ~ r 1 1 l  c l i i r  to i ~ ~ l l ( v ~ ~ i o i i  will bc nbout i,wivc the pressure 
tliaf, woultl csist in frec ctirtti if tlic wall werc not pi-csent. 

is tlic accclcrntion duc to gravity). 
13.1 6 

I=  pdt .  .II“ (B.16.1) 



(12.18.1) 



4.1 8 Al’PEN IIIX B 

(13.22.1 ) 

(13.22.2) 
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11,=2.15 x-3 f t .  (B.24. I ) 
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(D.2.3) 

n 
'0 

' E  

E 

x - 



SPECIAL PltO131,I~UvlS JN GAMMA RAY 1’1IANYMISSION 433 

so that cqiia lion (11.2.3) c~orrrsponcls to f t ~ i  infinite contaminat 
slicrt. In I4g. 1).2c, t h v  ratio / C ( / ~ ) ~ / k ’ ( h ) ~  is shown, for various 
valucs of h, as n function ol h‘. Tlwse c~irvcs apply to t$c case whcrc 
the emitted gamma rnditrtioii has the e11crgy 1 Mcv. In Fig. D.24 
the ratio of tho dosngc rate, l L ( h ) ,  at t~ height, h, in inotars above an 
iniinitc contnininntcd tu’c’a on the ground to the dosage rate, Em(l), 
t i l  n lioight of onc metcr nbovc tlic iniinitr contaminatcd area is 

10 

0 8  

c - 06 
213 - 

0 4  

0.2 

0 

7 7  

IO 20 30 N 1 7 0 8 0 9 0  

~ 0.8 

Z*F8 w w  

0 5 10 15 20 25 30 35 40 
h ( m e t e r s )  

Figrtrc D.2~1. 1l.clativct tlosngc r i ~ k  for vniioits gatritnn-my energies as function 
01“ 1,hc haiglit n.l)ovc nti itifiiiitc cotit,atninnt,cd slab. 
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shown as n function of h for. three values of tlic einittcd grhrnrna ray 
cncrgy. 

SICMI-I NFINITIC CO~TTARIINATIXI SLAR 

SURFACE OF SLAB 
/////////////I// // / / / / / /- 

/e I 

(D.4. I ) 



wlicrc pLe is t h o  (:orripton sciit!tcring aocfficicnt for water. The oqniva- 
lent isotropic energy inlonsity at tho water surface is given by into- 
gration as 

(D.4.2) 

If this vnlnr, for &is now uscd for aO.j (ao) in cquntion (D.2.3), the value 
l o r  thc cncrgp intnisity in air at a distnncc h above the water surIncc 
is Iountl lo I ) ( >  

(D.4.3) 
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CAT,CTJT,ATION 0 1 2  JTAZARD FROM WORLD-WIDlr 

CONl'AMINArI'JON 
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Bikini l,cst,s, air burst, see “Aldc” 
iindorw:it,cr burst,, see “ h l r c r ”  

Biological half-lifc, 11.87-1 I .8!) 
Black-body radiation, 6.8, 6.15, 6.16 
Jkst, damagc to structures, 6.40-5.82, 

1.2.4 
protection, 3 2.1 6-12.33 

injuries to  personnel, 1 I .5-11.8 
protcc lion, I 2.4 !)- 12.57 

walls, 12.35 
waves, tlcforinnlion of st,riictiircs by, 

coinpiihtion, A.1-A. 12 
see d s o  Sliocslc wtvcs 

11.71, 11.72 
I3liiicliicss, clrio 1,o nuclear radialion, 

due l,o tlicr~nal ratlintion. I I .18 
Blood (and blood cclls) , r:ttliat.ioti cffccl,s, 

11.30, 17.37,11.40, 11.42,11.44 11.49, 
11.50, 11.51) 11.58, 11.59, 1j.(i6, 11.07, 
11.09, 11.70, 11.91, 11.92 

Bone, tlcl)osiI.ion of rn(iioacf.ivil.y, I 1.83, 
11.90, 11.91, 11.93 

cndosl,cIllI1 I1 .93 
inarrow, rsdiaLioti csfl’cc:t,s, I 1  .‘is, 1 1  .50, 

11.53, 11.58, 11.59, 11.67, 11.70, 
11.93 

~~crioslciim, 11.93 
lI.LLk)CClll~C, 1 1  .03 

Horoii. i n  ncii lroii sliiclding, 7.70 
I3rcaltaway, o f  slioclc froill,  2.1 I, 0.8 
I%riclc facings, 5.5(ig, 5.90 

avoiditncc of, 12.22 
strucl.llr(!s, 5.6 

Bridgos, tlcsigir , 12.22~1 
il l  J:~pnn, 5.37, 5.67 
in l J .  S., 5.77 

13iirning, see lgirit,iori 
I3urris, cnsiitiltii(ts tliic: l o ,  6.53,  I 1 . I ,  

1 I .2-11.4, 11.20 
Ilaiiict, 6.X3, 11. I ,  11.9 1 I. I f i  
flash, 0.48, 6.50, (i,W(i.(i7, 11.1, 

11.9-1 1.10 
prol,c~cl,ion, 12.59 
rclxlivc iinporl itiic(: of infrnrtrd atid 

~il(,i~aviol~tl, i ~ ~ t l i : t i  iotis, Ci.T,(i 6.62 

skin, 6.48, 6.50, 6.52, 6.53-6.07, 

trcatnicirl;, 11.15, 11.16 

profile, fi.54, 1 I .9 

11.9- 11.16, 12.1 

Casualties, due to  blast, 11.5 
due to  bunts, 6.53, 11.1, 11.9-11.16, 

fatal, and clislancc from explosion, 

and height of burst, 11.2-11.4 
due to radiation siclrncss, 11.1, 11.20, 

see also Tiijnrics 

11.71, 11.72 

11.20 

12.15 

11.31 

Cataracls, tliic to nuclear radiat,ion, 

Cnvii,ation in iiridcrwa1.cr burst, 4.18, 

(k:lls, offoct of iiuclcar radiation, 11.51-- 
~1.19, ~1.34, 11.35, 5.100 

11.53 
radioscrisil,ivit,y of, 1 I .53 

Chnrnctcristic t.iiiic:s, iii air burst, 5.13 
in undcrwalm bursl, 5.98, 5. I O  I, 

Chloride ion as coniplcxing agent, IO. 17 
Clironiosoincs, 1 1.97 
CiOric ctcitl as complexiiig agciil,, 10. 17, 

(Iloutl-clisinbcr d l c c l ,  2. IO, 2.20, 2.40, 

Cloiid, nt.ornic, 2.2 1-2.28 

5.103 

10.5 I 

3.12 

a11d bas(> SIIT(SC, 2.46, 4.67-4.70, 
4.80-4.82 

0111 

and fall-onl, 2.29, 2.30, see ulso IWI- 

height, attniiicd, 2.26, 2.28 
atid iiivcrsion Iaycrs, 2.27 
radioaclivil,y of ,  8.57, 8.60, 8.(il, 

8.66, 8.68, 8.70, 8.75, 8.80, 8.83 
ralc of rise, 2.25 
i i i  uiidcrwater explosion, 2.42-2::4, 

Coliimns, blastj cfTccL, 5.56r1, 12.24, 12.25 
C>lo(liing, and alpha radiation, 8.28, 8.4(i 

8.86 

ntid 1)c:la rndint,ion, 8.45 
coiilnriiinnt.ioii of, 10.28, 10.57 
niicl  gsrriiiin rstlinl,ion, 7.43, 11.30 
prolc:cl,ivc, 10.35, 12.70-1 2.81 
niid 1,licrinal radiation, 6.55, 0.67, 11.9, 

Color oll’oct.s in atomic explosion, 2.17, 

Coiiiplcxing agents, 10:17, 10.30, 10.43, 

Coinplcx ions, 10. LO, 10.17 

I I . I3  

2.18, G. IO  

10.5 I 
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Coinpl oil efCcct (or scal,lrritig), 7.13- 

ant1 a1 )sorption of gain ilia radial i o i i  , 

mid atoink wciglil,, 7. 1 4 ,  7.20 
mid good gcomcl,ry, 7.20 
aud irrii l l,i~)lc scal,l,oriiig, 7.30-7.40 

7.1.1, 7.17 

7.10-7.40 

Co1Ict.d C ,  nbsorpl.ion o f  gamltla t w l i t t .  

l ion, 7.27--7.28 
h1,a rndiiil.ioir raiigo ii i ,  8.4-1 
as coi~si,rncl,ioiid tmIcri:Ll, 12.2, 12.6f 
rlccoirl.niiiiiirtI.ioii of, lO.3!) 
in g~Liurria-radi:ii,ioii s l i i (~ l t i i i ig ,  7.34 

in iioiit,roii sliicltli i ig, 7.70 
~ a l l s ,  12.33 
w e  i dso  .Rciiiforcorl cotrcrct,r 

Chtisi,rticliotr, clcsisti of m:w 
csscnl,inl, 12.28- 12.30, I2.3fi-12.48 
prol,od,ivc iiicasurrs i t i  12.!)- 12'. 1.1 
of slioll,ors 12.52 12.56 
iirrdrrgroriorl, 12.28, 12.29, 12. lti 

7.37, 7.45, 7.48 

I2.6--I 2.2i 

Cniil.,zrnitialion, ratliowcl iv(>, 8.1--8. I21 

aerial siirvey, 8.35, 8.Xi, I2.lifi 
dun 00 air l)urst, 8.57- 8.83 

10.1 -10.18, 12.03-12.81 

high, 8.50-8.63 
low, 8.64 -8.79 

in airplmic, 8.80-8.83 
of n i k i n i  lttgoon, 8.94- 8.00 
of l)iiililiirgs, 10.55 
CRIISOS of, 8.57, 10.1 , 12.62, 12.63 
of cii.y, 10.55-10.57 
of clothing, 10.21, 10.37 
coin1)ined n~ilh pliysical tlnmagci 

of tloi,rc~sl,ic: niiiin:r.ls, 10.57 
diic to fall-out,, 8.60- 8.77 
by fission prodilcls, 10.8- 10.10 

of food atid walcr, 10.58-10.65 
of groiuid, 8.32, 8.64,8.65 
mii i imizing, 10.2 
inon itsoring, see Monitoring 
pcririissiblc levels, 12.70-1 2.74 
of prrsoirncl, 10.28, 10.34. 
proicctiorr againsf., 10.66-10.69 

and radiat ioi i  tiazartl, 11.74 

12.03 

10.14 -1 0.18, 12.70-1 2.72 

12.7, 12.8, 12.63-12.81 

'011 la iii i lint) io 11, mdi oact i vc, i i r  mi i i  h i  L 

I)y rarc:-cnrtjli cleinciits, 10.15, 10.16 
r c ~ r ~ o v n l  of, see Dccoiil,aininntion 
of soil, 10.56 
soiirccs of, IO.  I, 12.63 

chic t o  undcrgrountl burst,, 8.103- 

sitiin(ioii,  8.75 

dl l e  Lo smfacc hllrst, 8.78, 8.79 

8.106 

8.102, 12.62, 12.63 

for driiikiiig, 10.59 ~10.65 
sproatl I)y fish, 8.90 

C ~ U O  I,o 1111dcr\~~~l~ir k)IIrSt, 8.86- 
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'rilical licnt cncrgics, for igiiil,ioti, cta., 
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l c l h d ,  11.26, 11.28, 11.32--11.34, 
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tolcrttt1cc of fissioit protlucls, i n  air, 

11.30, 11.39-11.13 
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forcc:, 5.13, 5.33rl 
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6.36 -6.60 
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diamotc!r of particles, 8.(;7, 8.68 
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cfl‘octj of hhst daniagc, 6.77 
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12.48 

\ratc!r, 8.99 

iragmciits, I .52 

FirsL-aid ccritcrs, coilstruelion, 12.40- 

Fish, atid ratlioactivc contamination of 

Fissioii, see Nriclcur fission 

ioi~ixalio~r by, 9.7 

bot,a rwclialioii from, 8.1 3, 8.14, 

complcxiiig agciits for, 10.17, 10.30 

cornpositioii of, I .48- - I  53, 8.7; 

contamiriation by, 8.1, 8.7, 8.64: 

10.51, 10.52, 10.65, 11.4, 11.73 
12.65, 12.70 

Ilrotlltd,s, 1.48h1.53 

8.43, 8.44 

10.43, 10.51 

10.14-10.16 

10.1, 10.8-10.10, 10.14--10.18 

decay of, 8.8, 8.10-8.15 
a1id f~ll-otil,, 8.66, 8.70, 8.73, 8.75, 
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land areas and ships, 8.89 
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world-wide, possibility, 8.52, 8.53, 

gaiiiina radiation from, 7.4, 7.10, 
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attenuation oP, 8.32-8.3’7 

half livcs, 1.53 
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iiitcrtial, 11.81, 11.84, 11.90, 
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Chinma radiation, 1.23 
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coefficients, tabiilatcd, 7.37 

8.32-8. 37 
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scaling laws, 7.46, 12.13 
timc distribution, 7.46 
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Ticad, s1)sorptioti cocfliciciil for gntninr 
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I,iiiriitiosii,y, 6.20 

1,yiiiph glntids, radintioii ofl’cicls, I 1.5 I ,  
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iii fission, I .48-1.51 
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of radiation, 6.12. 7.30. 7.32 
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scalitig la~vs, 7.(i8, 12. 13 
sliicl(litig, 7.60, 7.(i!)-7.7(: 
slowitig clown of, 7.53-7.6 I 
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L . G I ,  7.1 
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Vuclcar radiation, rcsidiial, see also Beta 
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I utluccd radioactivit,y 
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dosage, see Dosage 
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lrganic acids as coiriplcxiiig agculs, 
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Ixidcs of 1ii0rogcn foriliation, 2.1 8, 6.10 
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Pcrsoniicl, baclgc meters, 9.32 
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decoiilainiiiatioii of, 10.28 
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4.1 1 
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Scaliiig laws, for gamma radiation, 7.48, 

for damage t o  structures, 5.27, 5.28, 

for ticutroti iiiktrsity, 7.67. 12.1 3 
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6.50, 12.13 
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Rli:Ltlo\r.ing of thcrrnnl radiation, 6..54, 
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10.51 

G.[i3, 6.04 

5.68-5.62, 5.76 
dcsigtr of, 12 .22~  

Slicll,crs, C I ~ ~ C Y ~ ~ I I C ~ ,  12.58-12.01 
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Shicltling, froiri I,last, 1)y structures, 

l)y l~J>Ogl%[Jhy, 3.68, 5.50, 5.51 
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8.21 -8.24 

Soiintl vclocitg, i i i  air, 3.13 
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5.5, 5.58-5.($2, 5.76 
tlcsigii o f ,  12.22~ 
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Wind drag, 5.2, 5.6 
loacl, basic, €or dosigii o€ strllctrircs, 

vclocit,y aiid sllo~lc j)rcssrIrc:, 5.22 
and dis1,niicc froiii l)iirsL, 5.45 

Wiiitiows, 5.0, 5.33~1, 5.47~1, 5.47c, 

12.22a, 12.22c, 12.21 

5 . 6 6 ~ ,  6.76, scc rtlso Glass 

Wood, cliarriirg. and ignition, 6.49, 
6.50, 6.51, 6.64, 6.72, 6.73 

Worltl-witlc riidioad,ivo c:ont,arninfLtiOr1, 
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